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SUMMARY
Adenosine triphosphate (ATP) assay and electrical measuring techniques 
were assessed for their ability to produce an estimate of total colony 
count. ATP assay could be used for estimating the microbial flora in 
foods, provided that non-microbial ATP was removed from the sample 
first. Linear relationships between log1Q microbial ATP content and 
log q colony count were obtained. Electrical measuring techniques 
provided an inverse linear relationship between electrical detection time 
and logiq colony count. The capacitance element of the impedance signal 
was found to be superior to the conductance element for the estimation of 
pure cultures and the flora of two foods, since faster detection times 
and higher correlations with colony count were obtained. Capacitance 
detection times at elevated temperatures (35° and 25°C) provided a good 
estimate of psychrotrophic colony count at 15°C.
The use of electrical measuring techniques was also investigated for the 
rapid detection of salmonellae. Most salmonellae tested could be 
detected electrically in pure culture by the production of a specific 
signal from the fermentation of dulcitol or by an inhibition of this 
signal in the presence of a Salmonella-specific bacteriophage. However, 
when these two tests were used for artificially contaminated foods, an 
unacceptably high number of false-negative results was obtained. 
Therefore, further tests were investigated for their potential in the 
electrical detection of salmonellae. These were: effect of antiserum,
lysine decarboxylation and hydrogen sulphide production.
The final section of this thesis was concerned with the use of 
conventional and rapid microbiological techniques in the analysis of 
bacterial growth/temperature relationships. A Square Root plot
( * s / r = b(T - T )) was found to be preferable to the Arrhenius plot 
(k = A e - ^ T) in describing the growth of psychrotrophic food spoilage 
bacteria at chill temperatures. The Square Root plot was also 
applicable to mixtures of organisms and to ATP and capacitance detection 
time data. The relevance of such work to the investigation of food 
spoilage was discussed.
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BACKGROUND
PART I 
CHAPTER 1
GENERAL INTRODUCTION
2
1. GENERAL INTRODUCTION
It has always been of interest to microbiologists to know how many 
micro-organisms are present in a given suspension or sample. A single 
microbial cell has a mass of approximately 10“^  g (Strange, 1972), which 
is below the detection limit of most analytical instruments. However, 
when this single cell is placed on a medium containing suitable nutrients, 
in the correct environment, it will grow and divide to form a colony of 
cells, visible to the naked eye, usually within one to three days. An
estimate of the original population therefore may be obtained. The 
advantages of the sensitivity and simplicity of the technique, however, 
are becoming increasingly outweighed by the disadvantage of the time 
required both to perform the test and to obtain a result. This is 
particularly true where a rapid result is important or even crucial, e.g. 
for food or clinical samples.
Over the past 10 - 15 years, considerable interest has been shown in the 
development of rapid methods for microbiological testing. Two major 
areas of interest have emerged. The first is concerned with the 
reduction in labour and media necessary for conventional techniques, and 
has led to the development of methods such as the Spiral Plate Maker 
(Jarvis, Lach & Wood, 1977), the Laser Bacterial Colony Counter (Jarvis, 
Lach & Wood, 1978) and various miniaturised techniques (e.g. Thompson, 
Donnelly & Black, 1960; Posthumus, Klijn & Giesen, 1974). However, no 
reduction in incubation time is achieved.
The second area of interest has been concerned with the reduction in the 
time to obtain a result. Using measurements of microbial growth and
3
metabolism, a result may be obtained within a few hours. Examples 
described in the literature include radioraetry (Previte, 1972), 
microcalorimetry (Berridge, Cousins & Cliffe, 1974) and electrical 
measurements (Ur & Brown, 1974). Still more rapid techniques, giving a 
result within a few minutes, depend upon either direct microscopic 
observation of cells, e.g. in the Direct Epifluorescent Filter Technique 
(Pettipher et al., 1980), or upon the assay of some component of the 
microbial cell, e.g. endotoxin (Coates, 1977), haem (Ewetz & Thore, 1978) 
or adenosine triphosphate (D’Eustachio, Johnson & Levin, 1968).
These rapid techniques are more sensitive to interference from sample 
constituents, e.g. non-microbial adenosine triphosphate in foods (Sharpe, 
Woodrow & Jackson, 1970), than are conventional techniques. A greater 
degree of sample preparation therefore is necessary to ensure that such 
interference is minimised before the sample is presented to the instrument.
The objectives of the current study were to investigate the use of rapid 
methods to detect and to estimate numbers of micro-organisms. The 
specific areas of investigation chosen for the study were: the development 
of appropriate sample preparation techniques and media development to 
allow the estimation and detection of micro-organisms in foods by rapid 
methods, and the use of rapid methodology as a tool in the study of 
bacterial growth/temperature relationships.
4
PART I 
CHAPTER 2
SURVEY OF THE LITERATURE
5
2. SURVEY OF THE LITERATURE
Four main fields of scientific knowledge bear a direct relation to the 
contents of this thesis. These are:
1) current microbiological methods
2) estimation of microbial numbers by ATP measurement
3) electrical measurement of microbial growth and metabolism, and
4) the relationship between temperature and microbial growth.
These four areas are surveyed below.
2.1. Current Methods for the Microbiological Analysis of Foods.
2.1.1. Introduction
There are many microbiological tests currently in use in the food industry 
(Table 1). Only the techniques which have a direct bearing on later 
sections of this thesis will be considered in detail, viz: methods for 
total colony count of meat and cream, for the enumeration of yeasts in 
fruit juices and for the detection of salmonellae. The advantages and 
disadvantages of each technique will be discussed to indicate why more 
rapid and reliable methods are being developed.
2.1.2. Methods for determining total colony count 
of meat and cream
Spoilage of raw meat stored aerobically at chill temperatures is usually 
due to the growth of psychrotrophic Gram-negative organisms such as 
pseudomonads (Ayres, 1960; Gardner, 1965). The same applies to cream, 
although pasteurised cream may support the growth of heat resistant
6
Table 1. Microbiological tests* in use in the food industry
Organisms/metabolites detected Technique used
Total aerobic flora Pour plate, spread plate, drop plate, 
plate loop
Specific groups of organisms (e.g. Either: detection by the production
coliforms, Enterobacteriaceae, of characteristic colonies on
streptococci, yeasts and moulds, selective media
salmonellae, shigellae, Or: enumeration by Most Probable
Staphylococcus aureus, Clostridium 
botulinum, Bacillus cereus)
Number techniques
Specific detection of microbial Mouse test (Cl. botulinum),
toxins (e.g. from Staph, aureus, Ouchterlony plate or microslide
Cl. botulinum) immunodiffusion technique, 
reversed passive haemagglutination, 
radioimmunoassay
* For full details, see ICMSF (1978)
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spore-formers, e.g. Bacillus cereus (Olson & Mocquot, 1980). Therefore 
most testing for total microbial numbers in these commodities is done by 
an aerobic colony count technique on a non-selective medium. This type 
of technique is of limited value in assessing food safety and its 
relationship with potential shelf-life is poorly understood, but it is of 
some use in determining the hygiene of production and effectiveness of 
plant sanitation (ICMSF, 1978).
There are two major variants of the aerobic colony count which are 
described in many manuals and textbooks (e.g. ICMSF, 1978). The pour 
plate technique involves the mixing of a food horaogenate (or its 
dilutions) with molten agar in a Petri dish, allowing the agar to set, and 
incubating for (usually) 48 hours to allow colonies to develop. In the 
surface plate method, the sample is spread over an already-prepared agar 
plate. This has the advantages that the medium used need not necessarily 
be translucent, and heat-labile organisms are not killed or heat-stressed 
(as they might be during immersion in molten agar). However, there is 
the disadvantage that in general a smaller quantity of sample is used than 
with the pour plate technique. The surface plate method is officially 
recommended by the International Organisation for Standardisation (ISO 
2293-1976) for meat and meat products (ICMSF, 1978) and is also 
recommended for cream (Olson & Mocquot, 1980). A variation of this 
technique is the Miles and Misra method, where the sample and dilutions 
are dropped on a section of the plate using a calibrated pipette (Miles 
and Misra, 1938). After incubation, colonies are counted for the 
dilutions where there are twenty or fewer per drop. Another variation is 
the Spiral Plate method, described for use with foods by Jarvis, Lach &
7
Wood (1977)* The sample is deposited on the plate in a spiral track by
the instrument in such a way that the volume on any part of the plate is
known. Therefore, colonies may be counted on part of the plate only, 
thus reducing the number of plates and dilutions necessary.
The major disadvantage of colony counting techniques is the time lapse 
before a result may be obtained - usually 24 - 48 h. However, the
technique is very sensitive, as one organism can be detected by its
division to form a visible colony, and it is applicable to a wide variety 
of samples.
2.1.3* Methods for detection and enumeration of yeasts in 
fruit juices
In comparison with meat and cream, which provide a favourable environment 
for bacterial growth as the pH is nearly neutral and, in the case of meat, 
generally stored aerobically, fruit juices are acidic (pH 3*5) and are 
usually stored in conditions of low oxygen availability. Consequently, 
yeasts are the predominant spoilage organisms as they are acid tolerant 
and can grow anaerobically (Baird-Parker & Kooiman, 1980), although 
spoilage by moulds or lactic acid or acetic acid bacteria may sometimes 
occur. Yeast growth may be accompanied by gas production (Lawrence, 
Wilson and Pederson, 1959)> causing swelling or blowing of containers.
It is therefore important to detect potential yeast spoilage before this 
occurs.
Yeasts can be detected in fruit juices by the colony count method as 
described above. A disadvantage of this technique for juices is that 
both spoilage and non-spoilage yeasts can grow on non-selective agars.
8
Orange Serum Agar is often used as a selective medium to overcome this
problem, but it has been shown not to recover all thermally stressed
yeasts (Graumlich, 1981), possibly due to the lower pH and higher A in
w
comparison with, for example, Plate Count Agar.
An alternative to the plate count for detecting yeast in juices is the 
fermentation test. Ingram (1960) has described fermentation tests 
designed to determine the spoilage potential of fruit juices by altering 
the conditions in the juice (eg pH, A , temperature, aeration) for the
W
preferential growth of spoilage yeasts, allowing fermentation to occur 
more quickly and gas production to be detected. However, although 
spoilage organisms only should be detected, 5 - 7  days’ incubation may be 
required before a result is obtained.
Three,-more rapid, techniques have been considered as alternatives to the 
two procedures described above. A direct microscopic technique has been 
reported by Wolford (1953). A sample of juice (0.01 ml) is smeared onto 
a slide and stained prior to microscopic examination for yeasts. The 
small sample size used means that only heavily contaminated juices will be 
detected, and there is likely to be operator fatigue.
More recently, a radiometric assay for total count in frozen, concentrated 
orange juice has been described (Hatcher et al., 1977). This test
14
depends on the detection of CO^ produced from radiolabelled
14
C-glucose. During the study, 600 samples of concentrate were tested. 
Forty-four positive samples were detected in 12 h, 14 of which were 
positive in 8 h. Two false positives but no false negatives were 
obtained in comparison with the standard plate count. This test, 
therefore, reduces the time taken to obtain a result to within 12 h, and
9
is dependent upon the ability of the organisms to grow and metabolise in 
the juice. Impedance measurements also have been used in a similar way 
(Weihe, Seibt & Hatcher, 1984)
Most of these techniques have disadvantages for fruit juice testing. The 
colony count and the microscopic method use only a small sample volume and 
the chances of detecting low numbers of yeast are very small. The 
fermentation test detects spoilage but there is a long elapsed time before 
a result is obtained. The radiometric method obviates this problem but 
the use of radiolabelled isotopes in quality control laboratories would 
probably not be accepted by the British food industry. There is 
therefore a need for a rapid detection method for yeasts in fruit juices, 
probably with a preincubation step to increase numbers before assay. 
Impedance measurement shows the most promise to date.
2.1.4. Current status of methodology for detection of 
salmonellae
Methods for detection of salmonellae are far too numerous to mention them 
all in detail here. The traditional cultural technique will be described 
in detail, as will some of the more rapid immunological methods which have 
shown potential as reliable alternatives. Other methods are shown in 
Table 1, with the principles involved and the literature reference.
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iimea-reiease capsule 
or late addition of 
inhibitors
Hydrophobic Grid- 
Membrane Filter 
(HOF) technique
Repliscan
Minikits
Automated biochemical 
tests
Motility flasks with 
biochemical tests
Bacteriophage 0-1 
sensitivity
Bacteriophage 0-1 + 
Hi i^-Pressure Liquid 
Chromatography (HPLC)
Radiometry
Membrane filter-disc 
imnmoimmobilisat ion
Coagglutination with 
Protein A-containing 
staphylococci
Aid a gelatin capsule containing inhibitors 
to pre-enrichment broth. They are released 
slcwly to form a selective enrichment in situ.
More success was obtained by adding inhibitors 
by pipiette after 4 h.
Selective enrichment passed through a hydro- 
phobic grid (Entis, Brodsky & Sharpie, 1982), 
incubated on a primary isolation medium and 
replicated on 3 secondary isolation media.
Suspiect colonies subcultured for confirmation by 
serology
Similar to HGMF but sample capacity enlarged 
and automated. Electronic recording of reactions; 
identification by computer data base
Strips of dehydrated or ready-to-use media vhidh 
can be easily inoculated to reduce labour and 
media required for biochemical identifications.
Tests read by light scattering. E.g. Abbott M52, 
AutcMicrobic System
1) Salmonellae in dulcitol-selenite broth migrate 
up a side-arm. If the pH of the medium in the side 
arm drops to below 6 .0 , a presumptive positive for 
salmonellae is obtained.
2) Organisms grown in a chamber with 3 side-arms 
each containing a selective medium covered with 
Brain Heart Infusion broth (BHI). The biochemical 
reactions in the side-arms are observed and the 
BHI tested for a serological reaction with poly-H 
antiserum.
Spot test done to detect plaque formation. Used 
as a confirmatory technique instead of antiserum.
Change in HPLC response with bacteriophage vhen 
salmonellae present
Detection of ^ 0 0 2 produced from -^ C-xlulcitol 
by salmonellae and inhibition of gas production 
by pxxLy-H antiserum
Selective enrichment filtered; filter inverted 
and placed on a semi-solid medium, 2.5 cm from a 
disc impregnated with p>oly-H antiserum. After 
incubation, a line of immobilisation forms if 
salmonellae are present
Done either with a colony or a selective 
enrichment broth. Organisms mixed with Protein A- 
ccntaining Staph, aureus sensitised with pioly-0 
Salmonella antiserum. Large aggregates are 
formed if salmonellae are present
24 h saved
24 h saved
24 h saved
24-48 h saved
24 h saved
24^48 h elapised
No time saved
24 h elapised
30 h elapsed
24-42 h elapjsed
24 h elapised
ENA probes Recognition of genome specific to Salmonella spp. 30 h elapised 
by a radiolabelled segment of homologous ENA
2.1.4.1. The traditional cultural technique
The detection of salmonellae in foods presents two major problems.
Firstly, there are likely to be very few salmonellae in comparison with 
other organisms, and secondly, they may be stressed or injured, 
particularly in dried or frozen foods.
The traditional cultural technique was designed with these two points in 
mind. It is divided into two stages: isolation and identification
(Hartman & Minnich, 1981). The technique has been reviewed extensively 
by Fagenberg & Avens (1976) and modifications still appear. There are 
variations in media and incubation conditions for every step according to 
the type of food and likely degree of injury. The method generally 
consists of the following steps:
1) An 18 - 24 h pre-enrichment in a non-specific recovery medium (e.g.
buffered peptone water or lactose broth) if the organisms are 
stressed.
2) A selective enrichment, usually in two broths containing inhibitors 
(e.g. Selenite or Tetrathionate/Brilliant Green) which permit 
salmonellae to grow to higher levels than other organisms.
3) Samples from the enrichment broth are plated on at least two
selective/diagnostic solid media (e.g. Xylose Lysine Desoxycholate, 
Bismuth Sulphite or Brilliant Green agars).
4) Suspect colonies are picked off and further characterised by a series
of biochemical tests, then finally confirmed as salmonellae by 
agglutination with antisera.
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Although the cultural technique has gradually evolved to permit maximum 
recovery of salmonellae from foods, it has two major disadvantages. In 
many cases, a presumptive positive result cannot be obtained for at least 
4 - 5  days (D’Aoust, 1984). There is also a considerable degree of 
subjectivity in the technique as colonies must be chosen by the operator 
for further testing. Not all salmonellae produce typical colonies on 
diagnostic agar and therefore may be overlooked. There has been 
considerable effort expended in developing more rapid and less subjective 
methods for the detection of salmonellae, the most promising depending on 
their antigenic reactions.
2.1.4.2. Enrichment Serology technique
The Enrichment Serology (ES) technique reduces the stages involved in 
salmonellae detection to two: the increase in number of salmonellae over
other organisms, followed by their detection by agglutination with 
polyvalent-H antiserum. Generally, an 18 h pre-enrichment is followed by 
a 24 h selective enrichment and then an elective enrichment for 6 - 8 h in 
a mannose-containing broth. This last step is essential to encourage the 
production of flagellar antigens, which are poorly developed after 
selective enrichment, and also because mannose prevents spontaneous 
agglutination. Pooled Spicer-Edwards antiserum is then used* for serology 
testing (Fantasia, Sperber & Deibel, 1969; Sperber & Deibel, 1969). The 
total test therefore takes approximately 50 h. Excellent agreement was 
found for 689 test samples of 35 different foods, feed and pharmaceutical 
products (Fantasia, Sperber & Deibel, 1969) and 91^ agreement with 3*2^ 
false positives for various foods and petfoods (Wood, 1970). Some 
workers 'have accelerated the technique even further by reducing the time 
for pre-enrichment to 6 - 8 h and for selective enrichment to 16 - 18 h
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(Foster, Goepfert & Deibel, 1970; Surdy & Haas, 1981). Foster, Goepfert 
& Deibel (1970) reported that this accelerated ES was reliable for 
products with low numbers of competing bacteria, e.g. dried milk, dried 
yeast and confectionery products, but agreement was lower for egg albumen, 
which had a more varied flora. Surdy & Haas (1981) reported a 96.7$ 
correlation with the traditional technique for 3000 samples of soy 
products. For the other 3*3% of samples, the ES procedure was more 
likely to detect salmonellae than was the traditional technique.
2.1.4.3. Fluorescent Antibody technique
Both direct and indirect Fluorescent Antibody (FA) techniques have been 
used. The principles of both are shown in Fig. 1.
The direct FA technique has fewer steps but has the disadvantage of 
low-level fluorescence. Organisms appear brighter after indirect 
staining. The indirect technique has the additional advantage that the 
goat anti-rabbit fluorochrorae, an expensive item, can be used in any 
similar staining technique using rabbit serum. Poly-H and poly-0 
antisera, both of which have disadvantages, have each been used in the two 
techniques. O-antisera cause more false positives due to cross-reactions 
with other Enterobacteriaceae. This can be reduced by adsorbing out the 
non-specific elements with selected non-salmonellae (Fantasia, 1969). 
Although more specific to salmonellae, H-antigens are poorly developed in 
selective enrichment broths (Georgala & Boothroyd, 1964) and an incubation 
in non-selective broth is necessary if H-antiserura is to be used (Haglund 
et al., 1964; Silliker, Schmall & Chiu, 1966).
Good agreement between the FA technique and conventional methods has been 
achieved: 92.1/6 for animal feed and feed ingredients (Laramore & Moritz,
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Selective enrichment broth 
1
Sample preparation*I
Smear sample on slide, air dry. Dry and fix in formalin,
saline, ethanol and/or xylene preparations
Indirect FAj.
Add rabbit anti-salmonella serum. 
Incubate for 30 rain at 37°C in 
moist conditions. Rinse and dry.
i
Add goat anti-rabbit fluorescein 
isothiocyanate-labelled serum. 
Incubate for 15 min at 37°C.
Rinse and dry.
s
fluorescence microscope. The presence 
indicates that the sample is positive 
for salmonellae.
* Sample preparation:
If anti-0 serum is used, centrifugation may be used to concentrate 
organisms and remove debris (e.g. Fantasia, 1969; Laramore & Moritz, 
1969).
If anti-H serum is used, flagellar antigens are allowed to develop 
after selective enrichment in a non-selective broth (e.g. Haglund 
et al., 1964; Silliker, Schmall & Chiu, 1966).
Fig. 1 Principles of the direct and indirect Fluorescent Antibody
(FA) techniques
Direct FA
N/
Add anti-salmonella serum 
conjugated to fluorescein 
isothiocyanate. Incubate for 
30 rain at 37°C in moist 
conditions. Rinse and dry.
Observe slide under 
of fluorescent rods
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1969), 87% for raw meat (Georgala & Boothroyd, 1964), 100% for dried foods 
(Silliker, Schmall & Chiu, 1966). Most instances where the results 
differ are due to false positive samples, i.e. those where a positive 
result was obtained for the FA technique but a negative one by 
conventional methods (e.g. Georgala, Boothroyd & Hayes, 1965; Fantasia, 
1969). This may mean that the FA technique is less subjective than the 
cultural method, allowing the detection of salmonellae which produce 
atypical reactions on selective diagnostic agar. Gibbs, Patterson & 
Murray (1972) have shown that some false-positives using FA were, after 
further testing, discovered to be false negatives by the cultural 
technique.
The FA technique enables a result to be obtained within 24 - 48 h, but 
even so it has not gained widespread acceptance in the food industry.
There are probably two major reasons for this. Firstly, the antibody 
conjugates must be of extremely high quality, and secondly, there is 
considerable operator fatigue after prolonged microscopic examination of 
slides (Wood, 1970). Recent developments may help to overcome these 
problems. Kits are now available commercially which should standardise 
serum quality, and an automated FA technique has been described by Munson 
et al. (1976). The two major components of this prototype equipment are 
a slide reader and a slide processer. The processor prepares 120 slides 
per hour and the degree of fluorescence can be determined in the reader 
(360 slides per hour). The authors found that it performed well for 
dried foods (milk and yeast powder) but when there were high numbers of 
non-salmonellae (e.g. in frogs1 legs) the level of agreement was not so 
high.
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To obviate the necessity for microscopic observation, Richter & Banwart 
(1982) have used an X-ray microprobe (an attachment to a scanning electron 
microscope), rather than a fluorescence microscope, to detect the sulphur 
in the isothiocyanate portion of the fluorochrome. This instrument 
detects non-radioactive elements by bombarding the specimen with 
high-energy electrons in a vacuum. A characteristic X-ray pattern is 
produced by the interaction of the incident electrons with the inner shell 
electrons of the sample. The high-intensity energy excites the K, L or M 
inner shell electrons of the specimen. When the electrons return to 
their ground state, the individual elements of the specimen lose energy in 
the form of X-rays which are characteristic of the elements in the 
sample. On treatment with fluorescein isothiocyanate-labelled Salmonella 
antibodies, salmonellae increased in phosphorus and sulphur content but 
E. coli did not. This technique, however, has been used so far only on 
pure cultures.
Thomason (1981) reported that non-specific staining might be reduced by 
using rhodamine-labelled normal rabbit serum as a diluent for 
fluorescein-labelled salmonella conjugates. This suppresses the 
non-specific uptake of the labelled conjugates by tissue components, mucus 
and leucocytes. It also stains the background rusty red, which 
facilitates the reading of the smears.
Thomason (1981) has reviewed the current state of iraraunofluorescent 
methodology for salmonellae. In a survey of 39 laboratories, the 
advantages of the technique were felt to be its rapidity, sensitivity and 
the low cost per test. Against these, the disadvantages were the number 
of false-positive results, the capital expenditure required, and also the 
necessity for confirmation of positive results by the cultural technique.
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Since so few laboratories are using the technique, it would seem that its 
advantages are outweighed by its disadvantages.
2.1.4.4. Enzyme Immunoassay technique.
This technique is very similar in principle to the FA technique, but 
rather than linking specific Salmonella antibodies to a fluorescent 
compound, they are linked to an enzyme which catalyses a chromogenic 
reaction. Like the FA method, a direct or an indirect technique can be 
used. The methodology is summarised in Fig. 2. Both the indirect 
(Minnich, Hartman & Heimsch, 1982) and the direct (Swaminathan & Ayres,
1980) methods have been shown to produce results which agree well with the 
cultural technique for foods.
A variation on the enzyme immunoassay (EIA) has been described by Robison, 
Pretzman & Mattingly (1983). These authors used a monoclonal antibody 
produced by a mouse myeloma, rather than commercial antisera, to link the 
enzyme to the antigen. The protein reacts with structural peptides of 
the protein flagellin which are specific to Salmonella spp. (Smith &
Jones, 1983), in contrast to antisera, which react with the H-antigens of 
the organisms. Robison, Pretzman & Mattingly (1983) demonstrated the 
feasibility of the technique for pure cultures. Organisms were grown in 
M-broth (Sperber & Deibel, 1969) to enhance flagellar production, then the 
flagella were removed and used to coat microtitre wells pre-treated with 
the monoclonal antibody. Alkaline phosphatase-labelled myeloma antibody 
was then allowed to bind, and the excess removed. Salmonellae were 
detected on addition of the colour-producing substrate. Most strains 
tested (94^) could be detected using the technique. The myeloma antibody 
has also been used to detect salmonellae in milk using a competitive EIA 
and a filtration technique (Smith & Jones, 1983). The competitive EIA
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Selective or pre-enrichment broth
\k
Sample preparation*
Direct EIAI
Add IgG fraction of poly-H 
anti-Salmonella serum labelled 
with horseradish peroxidase. 
Wash.
I
Stain for peroxidase activity by 
adding diaminobenzidine-hydrogen 
peroxide.
Observe colour reaction under a
Indirect EIA
1
Add rabbit anti-Salmonella serum. 
Incubate and wash.I
Add goat anti-rabbit serum 
conjugated to peroxidase or 
alkaline phosphatase. Incubate 
and wash. I
for
i
Add substrate  colour reaction,
light microscope Detect colour change. If alkaline 
phosphatase is used, a 
quantitative result can be 
obtained by measuring absorbance 
at 405 nm.
A colour change indicates that the 
sample is positive for salmonellae.
Sample preparation:
Either: dispense selective enrichment cultures onto a membrane
filter in a template and spot them onto the template 
using suction; fix (Krysinski & Heimsch, 1977).
Or: centrifuge culture in a microtitration plate (Minnich,
Hartman & Heimsch, 1982).
Or: dry and fix drops of selective enrichment broth in wells
on a slide (Swaminathan & Ayres, 1980).
Fig. 2 Principles of the direct and indirect Enzyme Immunoassay
(EIA) techniques
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depended on the reduction in colour-producing ability of the enzyme
■a
conjugate. Using the competitive EIA, 10J salmonellae/ml could be 
detected, whereas for the filtration technique an incubation step was
o
necessary for cultures to achieve 10 salmonellae/ml before filtration.
A result could be obtained in 36 h. An enzyme irammoassay kit 
incorporating the myeloma antibody is now commercially available 
(Bio-Enzabead, Litton Bionetics. UK suppliers: Uniscience Ltd, London).
The antibody is bound to a magnetic bead, which facilitates the washing 
procedures since separation of bound from unbound antigen is done using a 
magnet.
The EIA technique has advantages over the FA method. The assay can be 
made quantitative, and the reaction product is stable so the sample may be 
re-examined later if necessary. The enzyme has a "magnification" effect 
so the technique is more sensitive, and an expensive fluorescence 
microscope is not necessary. However, it has the disadvantages that pure 
peroxidase is expensive and many of the colour-producing substrates are 
suspect carcinogens. The technique is fairly recent and it is possibly 
too early to tell whether it will become popular.
2.1.^.5. Conclusions
Rapid alternative techniques to the lengthy, time-consuming and subjective 
cultural method are available for the detection of salmonellae, but none 
has yet become widely used. There is obviously a need for a rapid, 
objective and, preferably, automated technique to detect salmonellae in 
foods.
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2.2. Estimation of Microbial Numbers by ATP Measurement
2.2.1. Biochemical aspects
Adenosine triphosphate (ATP) is ubiquitous in living cells, from bacteria 
to primates. Its importance lies in the energy metabolism of the cell, 
as the hydrolysis of ATP to adenosine diphosphate (ADP) is the primary 
controlling reaction in the conversion of energy obtained from the 
catabolism of nutrients to a form of energy which can be used for 
processes such as synthesis of new cellular constituents, heat generation, 
muscle contraction, transport of metabolites and locomotion.
One of the functions for which ATP is required is luminescence of the 
firefly, Photinus pyralis. The mechanism of this process is well 
understood and has been reviewed comprehensively (McElroy & Seliger,
1963; McElroy, Seliger & White, 1969; DeLuca, 1976). The reaction 
sequence is as follows:
The enzyme, luciferase (E), reacts with the substrate, luciferin (LH2),
and ATP to produce an enzyme-substrate complex (E.LH2~AMP) and
pyrophosphate (PP). The enzyme-substrate complex is then oxidised with
molecular oxygen to form oxyluciferin, (E.L-AMP)"*" which is electronically
0
excited and returns to the ground state (E.L-AMP) with the emission of a
ii
0
Mg'*"*"
E + LH2 + ATP E.LH2-AMP + PP
0
E.L-AMP + Light 
0
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photon of light. McElroy ( 1 9 W  demonstrated the dependence of the 
reaction on ATP by adding ATP to ground firefly extract, when a brilliant 
flash of light appeared for a length of time proportional to ATP 
concentration. The reaction is highly efficient, with the production of 
one quantum of light for each molecule of ATP used (Seliger & McElroy, 
1960).
2.2.2. Assay of ATP and other substances using the 
luciferin/luciferase enzyme system.
Strehler & Totter (1952) originally realised the potential of the firefly 
luciferin/luciferase reaction for the assay of ATP. Using a fluorimeter 
or a photomultiplier tube, they obtained a linear relationship between ATP 
concentration and light output. Other compounds can also be assayed 
using this technique, though indirectly, by first converting them to ATP 
enzymically. Such methods have been reported for AMP (adenosine 
monophosphate) and ADP, using enzymes such as adenylate kinase and 
pyruvate kinase (Strehler & Totter, 1952; Pradet, 1967; Kimmich, Randles 
& Brand, 1975; Lundin & Thore, 1975). In particular, cyclic-AMP, an 
important regulator in protein synthesis and hormonal effects, has been 
measured in human urine to monitor the increase in concentration after 
glucagon infusion (Johnson et al., 1970), and in various rat tissues, 
especially the pineal gland (Ebadi, Weiss & Costa, 1971).
Enzymic assays have also been performed by measuring the ATP formed or 
used during the appropriate reaction. For example, ATP-sulphurylase may 
be assayed using the reaction:
Adenosine phosphosulphate + pyrophosphate S0^ + ATP
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as described by Balharry & Nicholas (1971); alternatively, the quantity 
of sulphur nucleotide can be determined by adding known amounts of 
enzyme. An assay for glucose has been described (Cavari & Phelps, 1977)> 
depending on the reaction:
Glucose + ATP hexokinase> glucose-6-phosphate + ADP
ATP consumed is proportional to glucose concentration. The authors used 
the assay to determine the heterotrophic nature of lake water and the 
changes which occur from month to month.
The potential of the luciferin/luciferase reaction as a versatile 
biochemical tool is therefore apparent. It was also seen to possess 
advantages for biological assays, since ATP is a component of all living 
cells and the assay takes only a few minutes to complete. Early workers 
measured light output with scintillation counters; since then, 
lurainoraeters with sensitive photomultiplier tubes have been developed, to 
be used with purified enzyme preparations for maximum light intensity.
2.2.3. ATP assay for the estimation of micro-organisms
The accuracy and sensitivity of ATP assay enabled it to be used to 
estimate organisms. For pure cultures of micro-organisms, ATP assay 
proved simple, and many authors have recorded values of ATP per colony 
forming unit (ATP/cfu). For example, D’Eustachio & Johnson (1968) and 
D’Eustachio, Johnson & Levin (1968) showed that, for 13 species of aerobic 
bacteria, the mean value of ATP/cfu was 0.47 feratograras (1 femtograra (fg)
1C
= 10” g), with actual values ranging between 0 .2 2 and 1 .0 3 fg> and that 
there was a linear relationship between ATP and colony count. Baumgart,
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Fricke & Huy (1980a) also measured ATP/cfu in pure cultures, obtaining 
values from 0.03 fg for Bacillus spp. and 2.2 fg for Lactobacillus brevis.
ATP has been used as an indicator of total biomass, for example in coal 
strip-mining soils (Hersman & Temple, 1977), in rumen contents (Forsberg & 
Lam, 1977), to quantify bacterial adhesion to polystyrene (Harber, 
Mackenzie & Asscher, 1983), in activated sludge (Patterson, Brezonik & 
Putnam, 1970), in brewery wastewater (Hysert et al., 1971), in dental 
plaque from monkeys (Robrish, Kemp & Bowen, 1978) and to measure viable 
units in BCG vaccine (Gheorghiu & Lagranderie, 1979). Many workers have 
used ATP content as a measure of total biomass in waters (Holra-Hansen & 
Booth, 1966; Rieraann, 1978; Skjoldal & Lannergren, 1978; Sorokin & 
Lyutsarev, 1978). Although individual types of organism (bacteria, 
plankton etc.) cannot be discriminated using this method, it has been 
suggested that results obtained are more representative of total biomass 
than are those from direct counting techniques (Holm-Hansen & Booth,
1966). ATP content has been shown to compare well with chlorophyll a 
content and dry weight for estimation of freshwater algal and plankton 
populations (Brezonik, Browne & Fox, 1975). Bauragart, Fricke & Huy 
(1980a) used filtration to concentrate organisms from potable mineral 
waters prior to their estimation by ATP assay. However, the quantity of 
ATP on the filter was up to ten times higher than expected from the colony 
count, assuming an ATP/cfu value of 0.5 fg. The authors did not allow 
for the possible presence of algae, protozoa etc., nor for the possible 
aggregation of the cells. In addition, colony count estimates were 
obtained by the pour plate technique and therefore may have underestimated 
the number of organisms present.
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The relationship between ATP content and colony count or biomass allows 
the detection or assay of growth promoters and inhibitors by their effect 
on the ATP content of cultures. For example, in waters, lack of nitrogen 
or phosphate has been shown to cause a decrease in ATP content of algae 
(Holm-Hansen, 1970), and DDT, aldrin, chlordane, diazinon and dieldrin 
reduced ATP levels in three species of photosynthesising freshwater algae 
(Clegg & Koevnig, 1974). Intracellular algal ATP also responds rapidly 
to the addition of mercury and to pH changes, and to nutrient addition to 
starved cultures (Brezonik, Browne & Fox, 1975). Several workers have 
used ATP assay to determine the Minimum Inhibitory Concentration (MIC) of 
antibiotics. Nilsson (1980 & 1983) showed that accumulation of 
extracellular ATP by Escherichia coli during incubation with gentamicin, 
netilmicin and tobramycin was dependent on the concentration of the 
antibiotic, presumably because it caused leakage of ATP from the cells. 
Estimates of MIC obtained in this manner were comparable to those from 
agar disc diffusion assays. In contrast, Fauchere et al. (1982) assayed 
intracellular ATP in 4 h broth cultures to measure the MIC of gentamicin 
for 10 strains of Enterobacteriaceae. ATP content was reduced in the 
presence of the antibiotic. Cephaloridine, amikacin and tobramycin have 
been assayed using similar techniques (Harber & Asscher, 1977; Crovatto 
et al., 1981). A similar technique has been used to detect antibiotics 
in milk (Williams, 1984).
An example of the use of ATP measurement to assay growth promoters was 
shown by Dowson (1983). He demonstrated that levels of Vitamin B12 in 
breakfast cereals could be checked by comparing the enhancement of ATP 
content of Lactobacillus leichmanii by cereal preparations with that 
caused by standard quantities of the vitamin.
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Assay of microbial ATP in pure cultures is a fairly straightforward 
procedure. However, when the assay is applied to biological samples, 
e.g. foods and body fluids, non-microbial ATP in the sample may be present 
in much larger quantities than microbial ATP. For the detection of 
bacteriuria, this problem has been overcome by the selective extraction 
and enzymic destruction of non-raicrobial ATP from somatic cells in the 
urine prior to extraction and assay of microbial ATP (Johnston, Mitchell &
e
Curtis, 1976; Ansehn et al., 1979; Mackett et al., 1982). Some authors 
(McWalter & Sharpe, 1982) found that ATP assay was more likely to give a 
positive result than the plate count technique for patients undergoing 
antibiotic therapy; in contrast, Chiaradia et al. (1981) did not report 
this problem.
In foods, the ratio of non-microbial to microbial ATP has been shown to 
vary between 6:1 and 0 0 :1; in the latter case, ATP was measured but no 
organisms were detected (Sharpe, Woodrow & Jackson, 1970). Williams 
(1971) obtained similar results and concluded that ATP assay was not 
applicable to colony count estimations in foods. Sharpe, Woodrow & 
Jackson (1970) were less pessimistic and recommended the separation of 
bacterial ATP from ATP intrinsic to the food. Baumgart, Fricke & Huy 
(1980b) attempted a separation procedure for meat homogenates using 0 .8  pm 
and 0.45 pm regenerated cellulose filters, and also a concentration 
procedure for organisms from fresh meat using a strongly basic anion 
exchange resin. However, ATP/cfu values 10 - 100 times higher than 
expected were obtained. The authors concluded that an inefficient 
separation was occurring and that although there might be further 
possibilities with resin, an apyrase (ATPase) would be essential to ensure 
complete removal of non-raicrobial ATP. Shaw (1983) envisaged similar
26
problems with non-microbial ATP in his technique for estimating numbers of 
organisms on surface swabs. Swabs were rinsed in Nutrient Broth and 
incubated for 15 min at 32°C. The broth was then filtered and microbial 
ATP on the filter extracted and assayed. In this case, the presence of 
non-raicrobial ATP on the filter might not be important if an indication of 
general cleanliness is required.
Selective extraction and destruction of non-raicrobial ATP, as described 
for urine samples, has been applied to milk and fruit juices (Britz 
et al., 1980; Vanstaen, 1980; Bossuyt, 1981; Waes & Bossuyt, 1981). 
However, the relationships shown between ATP and colony count in some of 
these papers show considerable scatter. Packard & Marth (1983) have 
suggested that sonication and proteolytic enzymes might be useful in 
releasing more residual non-microbial ATP from somatic cells and micelles 
in milk.
2.2.4. Conclusions
The luciferin/luciferase assay for ATP is sensitive and versatile, and is 
a rapid and simple technique for the enumeration of micro-organisms in 
pure culture. However, in more complex systems, non-microbial ATP must 
be removed or destroyed to prevent interference with the assay of 
microbial ATP. The selective destruction of non-microbial ATP by enzymic 
treatment has been attempted for urines and sane foods, but there seem to 
be problems with reproducibility. Only one group of authors (Bauragart, 
Fricke & Huy, 1980b) have attempted to solve the problem of interference 
from non-microbial ATP by a separation technique. Although they were not 
successful, the concept of separation of organisms from foods prior to ATP 
assay would seem to have potential.
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2.3* Electrical Measurement of Microbial Growth and Metabolism.
2.3.1. Historical aspects
The first observations of the changes in electrical characteristics which 
occur in a medium during microbial growth were made more than 
three-quarters of a century ago. Stewart (1898) measured the changes in 
conductivity in defibrinated dog’s blood and serum, and in pure cultures 
of organisms, over a period of days. He obtained curves similar in shape 
to bacterial growth curves and, by the time the conductivity reached a 
constant maximum value, the samples were crowded with sporulated 
bacteria. The author suggested that formation of ions (e.g. amines, 
ammonium and fatty acids) during growth was the cause of these changes, 
since the total ’’molecular concentration1’ (as measured by freezing point 
determinations) and conductivity followed a parallel course. Stewart 
(1898) realised that such measurements would be a practical method for 
measuring the growth of bacteria. He also foretold their potential for 
differentiating between different types of organism, and the possibilities 
for monitoring electrical changes in tubes with electrodes fused through 
the glass. However, despite his enthusiasm for the technique, it was not 
until the 1970’s and the advent of more sensitive instrumentation that the 
full potential of electrical methods for rapid microbiological 
determinations was realised.
Between 1898 and the 1970’s, only a few publications reported further 
investigation of electrical changes during microbial growth. - Parsons & 
Sturges (1926a & b) studied conductivity changes in milk, nutrient gelatin 
and peptone media during the growth of several species of Clostridia.
They found that change in conductivity was proportional to proteolysis, as 
measured by the change in anmonia nitrogen and amino nitrogen. A similar
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relationship between conductivity change and ammonia production was found 
for Pseudomonas fluorescens and an isolate from rancid cream (Allison, 
Anderson & Cole, 1938). The latter organism produced a biphasic 
relationship, a sharp increase in ammonia nitrogen occurring late in the 
growth cycle. Other workers also have related metabolite production to 
conductivity changes. Lactic acid formation and conductivity increased 
simultaneously during growth in milk of a Lactobacillus sp. (Allison, 
Anderson & Cole, 1938) and Streptococcus lactis (McPhillips & Snow, 1958) 
until the milk coagulated. At this point, conductivity stayed constant, 
whereas lactic acid concentration increased further. McPhillips & Snow 
(1958) suggested that conductivity measurement therefore might be useful 
in monitoring changes in the ionic equilibrium of milk, such as those 
which occur during cheesemaking, or for monitoring acid production by 
starter cultures.
Zoond (1927) used electrical measurements on bacterial cultures for the 
opposite purpose, i.e. to study the effect of bacterial death on 
electrical resistance during heat treatment of Bacillus cereus cells in 
the presence or absence of mercuric chloride. He found that the 
resistance of the bacteria per se remained constant, but the resistance of 
the surrounding medium altered, after heat or mercuric chloride 
treatment. On the basis of these data, Zoond (1927) concluded that the 
resistance of the bacterial structure is not affected by death, but the 
living cell possesses a mechanism for opposing changes in the osmotic 
pressure of the surrounding medium which is broken down at death. This 
permits the free diffusion of salts into the medium under a concentration 
gradient, causing measurable changes in the resistance of the suspension.
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Recent interest in electrical measurements was stimulated by Ur (1970), 
who used a bridge circuit to monitor the clotting of blood. The 
reference cell contained blood prevented from clotting by the addition of 
heparin, whereas the experimental sample contained no heparin. All 
impedance changes except those resulting from coagulation were therefore 
balanced. A sharp decrease in impedance followed by a less steep 
increase was noted; clotting occurred within 30 s of the minimum 
impedance value. Ur (1970) predicted that similar techniques might be 
useful in studies on microbial cultures and the effect of antibiotics, 
studies of antigen-antibody reactions and other investigations into 
reactions in liquid systems.
2.3.2. Electrical parameters and instrumentation for their 
measurement.
A number of electrical parameters have been investigated for their 
potential in monitoring microbial growth. Most early workers (e.g. 
Stewart, 1898; Allison, Anderson & Cole, 1938) used conductivity, which 
is a measure of the ease with which a current can flow through a volume of 
a substance. Later workers (e.g. Ur, 1970) measured impedance, i.e. the 
resistance to the flow of an alternating current through a conducting 
material. Impedance consists of a resistive and a reactive component, 
the latter depending on the frequency of the alternating current used.
When a pair of electrodes is placed into a microbial medium, the 
electrical circuit can be approximated by the model of a resistor and a
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capacitor in series (Hadley & Senyk, 1975), which can be expressed 
mathematically thus:
2 2 1 t- = r + ---- r
(2 fC)
where Z is impedance; R, resistance; C, capacitance, and f, frequency. 
The resistance, R, is equal to the reciprocal of the conductance, G.
R = 1 
G
Microbial growth affects conductance by the production of charged 
end-products from less charged molecules, e.g. amino acids from proteins 
or lactic acid from glucose, or by the uptake of ions, e.g. amino acids. 
However, net charge of the ions present is not the only factor - ion size 
and mobility are also important; also, a weak buffer will register a 
percentage change in conductance change earlier than a strong one. 
Capacitance is the property of a system of electrical conductors and 
insulators which enables it to store charge when a potential difference 
exists between the conductors. In a microbiological medium, it occurs at 
the interface between the electrodes and the medium. A layer of 
non-solvated ions forms at the electrodes, separating them from the fully 
solvated ions in the medium. The ways in which capacitance is affected 
by microbial metabolism are not fully understood, but an important factor 
seems to be pH.
The total impedance can be measured by several commercially available 
instruments. The first to be described was the Strattometer (Ur & Brown, 
1975), now known as the Bactobridge (Laboratory Impex Ltd, Teddington, 
Middlesex), in which measurements are made in a bridge circuit with gold
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electrodes. The Bactometer B32 also measures impedance (Cady, Dufour, 
Shaw & Kraeger, 1978) using stainless steel electrodes in a disposable 
plastic module, as do early versions of the Bactometer M120, a 128-channel 
instrument with computer drive and data storage facilities 
(Firstenberg-Eden, 1983). Later versions of the M120 are capable of 
measuring the conductance and capacitance components of the signal 
separately, or of recombining them to give impedance by using appropriate 
software (Bactomatic UK Ltd, Henley-on-Thames, Oxon.). Conductance alone 
can be measured using a Maithus 8 or 128 (Maithus Instruments Ltd, 
Stoke-on-Trent, Staffs.); these instruments have platinum electrodes and 
a precisely controlled water-bath for incubation of samples, since 
conductance is very sensitive to temperature changes. The Maithus 
instruments measure an impedance signal, from which the capacitance 
element, which is minimal because of the platinum electrode system, is 
electronically removed, leaving only conductance.
Other workers have used the production of molecular hydrogen during 
metabolism as a detection technique for micro-organisms. The principle 
behind the method is that hydrogen ions (H+) and molecular hydrogen (H^ ) 
establish an equilibrium with noble metals such as platinum, as follows 
(Wilkins, Stoner & Boykin, 197*0:
Pt
H2 v:1 >  2H+ + 2e"
If a platinum and a calomel reference electrode are immersed in a medium, 
production of leads rapidly to equilibrium with H+ at the platinum 
electrode, but not at the calomel electrode, which is not dependent on H* 
concentration. The reading from the platinum electrode will therefore
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drop with respect to that from the calomel electrode (Wilkins, Stoner & 
Boykin, 1974). This instrument is not commercially available, but an 
8-channel version has been described (Wilkins, Young & Boykin, 1978).
Wilkins, Grana & Fox (1980) have described another, simple electrical 
technique for the detection of microbial metabolism. Cells were 
collected on a membrane filter which was placed on a pad impregnated with 
Trypticase Soy Broth (TSB). Platinum electrodes were laid on the top and 
covered with another TSB-impregnated pad. Electrical changes due to 
growth could then be measured.
2.3-3* Estimation of organisms in pure cultures using 
electrical techniques.
Commercially available instruments which monitor electrical changes depend 
on the conductance, capacitance or impedance of the medium reaching a 
threshold percentage increase after microbial metabolism. The time taken 
to reach this increase is inversely proportional to the initial 
concentration of organisms. Electrical measurements on a growing pure 
culture produce a curve of similar shape to a growth curve measured by 
colony count. This has been demonstrated for conductivity (Stewart, 
1898), impedance (Ur & Brown, 1975), hydrogen sensing (Wilkins, Stoner & 
Boykin, 1974) and conductance (Richards et al., 1978). Detection time, 
i.e. time to reach the threshold increase, has been shown to be inversely 
related to initial numbers for bacteria, yeasts and mould spores (Ur & 
Brown, 1974; Wilkins, Stoner & Boykin, 1974; Hadley & Senyk, 1975;
Cady, Dufour, Shaw & Kraeger, 1978; Wood, Lach & Jarvis, 1978; Williams 
& Wood, 1982; Wood & Gibbs, 1982). Bacteria can be detected within a 
few hours and yeasts and moulds within 24 - 48 h.
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2.3-^- Applications of electrical measurements.
Several workers have used electrical measurements to determine the number
of organisms in urine (Specter, Throm & Friedman, 1976; Zafari & Martin,
1977; Cady, Dufour, Lawless, Nunke & Kraeger, 1978; Brown & Warner,
1981). The concensus of opinion was that, although the relationship
between detection time and colony count showed a considerable amount of
scatter, the technique would be useful as a screen to categorise urines
£
into those containing greater or fewer than 1Cr colony-forming units/ml. 
Agreement between the two methods for approximately 96^ of samples has 
been claimed (Zafari & Martin, 1977; Cady, Dufour, Lawless, Nunke & 
Kraeger, 1978). However, no data were presented for samples from 
patients undergoing antibiotic therapy, which are likely to produce 
false-negative results. False negative results from this type of patient 
have been shown for infected blood samples. Kagan et al. (1977) overcame 
this problem by lysing and filtering the blood, then transferring the 
filter to a blood culture bottle equipped with electrodes and connected to 
an impedance monitor. Additional advantages were the rapidity of the 
technique, the labour-saving (i.e. no need for visual checking of bottles) 
and, since interfering substances were removed from the sample, there was 
no need for a reference well. Brown et al. (1984) reported that blood 
samples incubated in a Malthus Microbiological Growth Analyser were less 
likely to become contaminated than those subjected to a cultural technique.
As has been shown for ATP measurement, the dependence of electrical 
techniques on microbial growth and metabolism makes them ideal for 
determining the effect of growth promoters and inhibitors.
Susceptibility testing and determination of MIC for antibiotics have been
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performed by determining whether there is a delay in detection time in the 
presence of the antibiotic (Hadley & Senyk, 1975; Colvin & Sherris, 1977)-
A number of applications of electrical techniques for food microbiology 
have been reported. Impedance measurement has been used for 
determination of total viable count in a variety of foods, e.g. raw meat 
(Wood, Lach & Jarvis, 1978; Bell, 1983; Firstenberg-Eden, 1983), frozen 
vegetables (Hardy et al., 1977; Wood, Lach & Jarvis, 1978), cereal grain 
products (Sorrells, 1981), milk, both raw (Cady, Hardy, Martins, Dufour & 
Kraeger, 1978; Wood, Lach & Jarvis, 1978; Gnan & Luedecke, 1982; 
Firstenberg-Eden & Tricarico, 1983) and pasteurised (Cady, Hardy, Martins, 
Dufour & Kraeger, 1978; Martins et al., 1982; Bossuyt & Waes, 1983)» and 
frozen orange juice concentrate (Weihe, Seibt & Hatcher, 1984). Inverse 
linear relationships between detection time and colony count were 
reported, although the correlation was dependent on the type of food.
The lowest correlations usually were obtained with milk, possibly due to 
the high degree of aggregation which occurs in milk flora. Impedimetry 
has also been studied for detection of brewery wort spoilage (Evans,
1982). Lager wort was artificially contaminated with 4 - 3 0  cfu/ml 
spoilage isolates. Samples were filtered immediately and after 24 h 
incubation at 27°C. The impedance changes due to organisms trapped on 
the filter were measured, using sterile brewery wort as the growth 
medium. A decrease in detection time indicated that growth had occurred 
in the inoculated product; results agreed with growth observed during the 
traditional "forcing” test.
There are few reports of electrical techniques for detection of specific 
groups of organisms. Most work has been done on coliforras using media 
containing inhibitors often used in the conventional techniques. For
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example, Silverman & Munoz (1979) and Munoz & Silverman (1979) used a 
medium containing sodium lauryl sulphate and sodium desoxycholate, 
incubated at 44.5°C, and obtained an 8756 overall agreement with the 
standard Most Probable Number (MPN) method for faecal coliforms from 
chlorinated and unchlorinated effluents from sewage treatment plants. 
Martins and Selby (1980) reported a lower agreement (77 - 79%) between 
impedimetric results using a medium containing potassium sulphite and 
novobiocin and the traditional MPN technique for coliforms in meat 
samples. It has been suggested that poor relationships between 
electrical and cultural methods may be due to poor reliability of the 
traditional techniques (Wilkins & Boykin, 1976). Using a 
hydrogen-sensing method with Lauryl Tryptose Broth, these authors reported 
better agreement between hydrogen-sensing results and traditional methods 
(MPN and membrane filters) than between the two cultural techniques.
More recent work (Firstenberg-Eden & Klein, 1983) has shown that it is 
possible to obtain good correlations (-0.90) for coliforms in raw beef if 
the medium is carefully tailored for a maximum impedimetric response. In 
this case, sodium desoxycholate, sodium lauryl sulphate, bile salts and 
bromocresol purple were incorporated into the medium.
Williams & Wood (1982; see also Wood & Gibbs, 1982) have described a 
selective medium for the impedimetric detection and estimation of 
moulds. They established that, in media containing carbohydrate as the 
major carbon source, moulds produced an increase in impedance, whereas 
bacteria produced a decrease. A basal medium of 2% m/V glucose and 
2% m/V malt extract was therefore used, incorporating 1.5% ra/V agar to 
improve the mould response and 100 ppm each of chloramphenicol and 
oxytetracycline to suppress signals from growth of bacteria. A wide 
range of moulds produced an impedimetric
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response in this medium, and the technique was also capable of detecting 
mould contamination in cheese.
Antibiotics have also been used to differentiate between yeast and 
bacterial signals in brewer’s yeast (Day, 1983). Conductance 
measurements were made in a medium containing cycloheximide (to inhibit 
yeast) and cooked meat granules (to lower the redox potential to encourage 
the growth of fastidious bacterial isolates). Bacterial numbers in the 
yeast were related to detection time with correlation coefficient of 
-0.87, and a result could be obtained overnight rather than after the 
usual 3 - 5  days. In contrast, chloramphenicol has been used to inhibit 
lactic acid bacteria in yoghourt in order to detect yeast contamination by 
an impedance technique (Shapton & Cooper, 1984).
2.3.5. Conclusions
Early workers using electrical techniques compared a chemical change in a 
medium with the electrical changes measured. However, more recent 
workers have studied electrical techniques empirically, being content to 
look only at the relationship between microbial numbers and detection 
time. Therefore very little is known about the metabolic reactions 
responsible for the electrical response. Further understanding of these 
reactions would allow optimisation of electrical response. This is of 
particular importance in the detection of specific groups of organisms, 
since characteristic signals in a specially designed medium might show 
potential in identification techniques.
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2.4. The Relationship Between Temperature and Microbial Growth.
2.4.1. Introduction.
Knowledge of the relationship between temperature and microbial growth is 
important in the calculation of probable growth rate given a specific 
temperature of incubation. This is of importance to the food 
manufacturer to enable him to predict when a product is likely to contain 
an unacceptably high level of organisms, and hence its probable 
shelf-life. Most studies on microbial growth at various temperatures 
reported in the literature have been concerned with the growth of 
organisms at chill temperatures, probably because of the increasing use of 
low temperatures as a means of extending the shelf-life of foods.
There has been disagreement between authors as to the nomenclature of 
organisms which grow at chill temperatures (e.g. 0° - 10°C). Early 
workers (e.g. Brown, 1957; Ingraham, 1958; Ingraham & Stokes, 1959) used 
the term "psychrophilic", or "cold-loving11, to describe organisms capable 
of growth at these temperatures. However, other workers objected to the 
term because, although many such bacteria could grow under these 
conditions, their optimum temperature for growth was often 20°C or 
higher. The term "psychrotrophic", or "cold-thriving", was preferred by 
Eddy (1960), who suggested that it should be used to describe bacteria 
able to grow at 5°C or below, whereas "psychrophilic" should only be used 
when a low optimum temperature for growth is implied. Morita (1975) 
developed this terminology and defined a psychrophile as an organism with 
an optimum temperature of 15°C or below, a maximum of approximately 20°C 
and a minimum of 0°C or below, whereas a psychrotroph was rather loosely 
defined as an organism which does not meet this definition but has the 
ability to grow at low temperatures although not optimally (i.e. a
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mesophile which can grow at 0°C). Thus there is still no absolute 
definition of the terras "psychrotroph" and "psychrophile". Throughout 
this thesis, the terras "psychrotroph" and "psychrotrophic” will be used to 
describe organisms capable of growing fairly rapidly (but not necessarily 
optimally) at chill temperatures (0° - 15°C), and no attempt will be made 
to define them according to their cardinal (i.e. optimum, maximum and 
minimum) temperatures. This also applies to organisms referred to as 
psychrophiles by cited authors.
The purpose of this section of the literature survey is to review the two 
models which have been used to describe microbial growth in pure cultures 
and in foods and to assess the advantages and disadvantages of each.
2.4.2. The Arrhenius relationship
The Arrhenius equation was first used to describe the relationship between 
reaction rate and temperature for inversion of sucrose by acids 
(Arrhenius, 1889). The equation can be written in the form:
where v is the velocity of the reaction, R is the Gas Constant, T is the 
absolute temperature, A is a constant and AH"^ is the activation energy 
(Ingraham, 1962). The equation can be rewritten:
log10v = -AH^~ + C
2.303 RT
±
If log-jQV is plotted against 1/T, a straight line of gradient A H  /2.303R 
is obtained. In more complex biological systems, the activation energy,
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A  t
A H  , is replaced by the term p., the temperature characteristic, and v is 
usually referred to as k, the rate constant. Thus, for biological 
systems,
k = A.e“|l/RT
where k is the rate constant calculated from the equation:
_ 2.303( l o g — log^x^
where x^  and x^ are measurements of a parameter (which changes with 
temperature) at times t^  and t2 respectively (e.g. Baig & Hopton, 1969)•
The Arrhenius equation has been applied to a wide variety of biological 
phenomena, such as the rate of cellular disorganisation in protozoa in the 
presence of salt, ciliary activity and oxygen consumption of gill 
epithelium, the creeping rate of arthropods, the chirping of tree crickets 
and the flashing of fireflies (Crozier, 1924-5). It has also been used 
to describe the relationship between microbial growth and temperature.
If* l0Sek is plotted against 1/T, a curve with a linear portion of negative 
gradient at sub-optimal temperatures is obtained, flattening around the 
optimum for growth and tailing off sharply at each end of the temperature 
range for growth (Ingraham, 1958). p can be calculated from the slope of 
the graph at sub-optimal temperatures (Reichardt & Morita, 1982).
However, in the literature there seems to be no clear agreement between 
authors about the shape of the Arrhenius curve. Straight lines over the 
sub-optimal temperature range have been obtained for psychrotrophic and 
raesophilic bacteria (Ingraham, 1958), for Vibrio spp., (Hanus & Morita, 
1968), for bacteria isolated from Antarctic peat (Baker, 1974) and for 
Myxococcus xanthus (Janssen, Wireraan & Dworkin, 1977). In contrast,
other authors have reported more complex curves. For example, Mohr & 
Krawiec (1980) reported temperature profiles with a two-phase slope for 
some mesophiles and thermophiles, the phases joining at a critical 
temperature. The authors surmised that the change in slope might be due 
to some change in the cellular organisation or metabolism at that 
particular temperature. The complex curves occurred for some, but not 
all, organisms with optimum temperatures above 37°C. Organisms with a 
lower optimum temperature showed only a simple curve shape. Reichardt & 
Morita (1982), however, directly contradicted these authors by describing 
a psychrotroph with a two-phase Arrhenius curve at sub-optimal 
temperatures. Two-phase curves were also reported for mesophilic and 
psychrotrophic yeasts (Shaw, 1967). In her paper on the growth of peat 
bacteria, Janota-Bassalik (1963) presented two Arrhenius plots, one of 
which was a straight line and the other a curve.
Two-phase lines seem to fit Crozier’s (1924-5) critical temperature 
theory, which suggested that the change in slope seen in some Arrhenius 
plots was due to a change in "governing reaction" (presumably 
rate-limiting) in the organism’s metabolism. Several aspects of 
microbial metabolism are known to alter as the temperature is lowered, 
e.g. membrane composition, protein synthesis and enzyme function (as 
reviewed by Kitchell & Dainty, 1972; Inniss, 1975). However, it is 
worth noting that, in many instances, lines which have been drawn with a 
critical temperature may often be equally well represented by a curve, as 
demonstrated by Ingraham (1962).
There is also dispute in the literature about the significance of the 
temperature characteristic, p. Some authors claim that the value of p is 
related to the cardinal temperatures of the organism, i.e. thermophiles
have greater values of p than mesophiles, which in turn have greater p. 
values than psychrotrophs (Ingraham, 1958; Baig & Hopton, 1969; Mohr & 
Krawiec, 1980). Ingraham (1958) claimed that p was an intrinsic property 
of an organism and was constant in different media. However, the 
significance of p was disputed by other authors, who could find no 
relationship between its value and the cardinal temperatures for growth 
(Shaw, 1967; Hanus & Morita, 1968; Ward & Cockson, 1972; Baker, 1972*; 
Reichardt & Morita, 1982). Reichardt & Morita (1982) suggested that p 
describes an "energetic favouring of substrate-specific growth reactions" 
and is "not necessarily linked to growth temperature ranges or temperature 
optima". The relevance and value of p are dependent on the Arrhenius 
plot being straight at sub-optimal temperatures, since p is calculated 
from the gradient. ' Ward & Cockson (1972), who noted a curvature of the 
Arrhenius plot on some occasions, stated that this could be due to 
variation of either p or A with temperature, but it was not possible to 
tell which. Baig & Hopton (1969), despite relating p to the cardinal 
temperatures for growth, calculated p values for 10°C intervals and found 
them to be different.
Ingraham & Bailey (1959) attempted to explain why temperature 
relationships and p values were different in psychrotrophs and mesophiles, 
as had been previously reported by Ingraham (1958). They found that 
glucose oxidation occurred at a different rate in intact cells of a 
mesophile and a psychrotroph, but these differences disappeared when the 
cells were ruptured. The authors concluded that the difference in 
temperature response depended on the structural integrity of the cells, 
but did not determine whether this was due to differences in their ability 
to concentrate substrates within the cell, or whether the structural
arrangement of the enzymes within the cell differed. However, Stokes & 
Redmond (1966), in a similar exercise for intact and ruptured cells of a 
psychrotrophic and a mesophilic Bacillus sp., did not find this, as the 
differences in rate of reaction were still apparent in ruptured cells.
No firm conclusions can be drawn from either of these reports, as 
different species of organism were used, and also it is likely that the 
differences between psychrotrophs and mesophiles are too complex to be 
explained by differences in the activity of only one enzyme.
It is clear that there has been considerable disagreement about the 
linearity of the Arrhenius plot and the relevance of p. However, there 
are difficulties in comparing the results of different authors as there 
are few reports for organisms grown under identical conditions (Ward & 
Cockson, 1972). This is important as there is an inter-relationship 
between aeration, nutrition and temperature (Olson & Jezeski, 1963).
For example, at higher temperatures, lower cell crops are achieved in 
stationary culture than at lower temperatures. This difference 
disappears when cultures are vigorously aerated during growth (Sinclair & 
Stokes, 1963). This is due to the increased solubility of oxygen at low 
temperatures; in addition, slowly growing cultures can be supplied with 
oxygen more effectively.
2.4.3. The Square Root relationship
Ratkowsky et al. (1982) have re-analysed data from earlier workers and 
found that the Arrhenius relationship is fitted more adequately by a curve 
than a straight line. The Arrhenius plot was originally devised to 
describe simple reactions and the above authors state that "bacterial 
growth is a complex biological process involving a variety of substrates
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and enzymes and it is thus not surprising that the Arrhenius law does not 
adequately describe the effect of temperature on the growth of 
bacteria”. An alternative equation was suggested for the growth of 
bacteria at sub-optimal temperatures:
where b is the slope of the regression line, T is the absolute 
temperature, Tq is a "conceptual temperature of no metabolic significance”
occurred due to ice formation) and r is the reciprocal of the time taken 
to reach specific turbidity levels or a value found from the slope of the 
curves of log turbidity vs. time. The relationship was applicable to a 
variety of bacteria and Tq values were found to increase as the organisms 
ranged from psychrotrophs to mesophiles to thermophiles. A linear 
relationship was found at sub-optimal temperatures when V r  was plotted 
against T.
More recently, Ratkowsky et al. (1983) have modified the equation to apply 
to the entire temperature range for growth:
where T . and T „ are the temperatures at either end of the range where min max
the rate of growth is zero, b is the regression coefficient of the square 
root of growth rate constant against absolute temperature for temperatures 
below the optimum and c is an additional parameter to enable the model to 
fit the data for temperatures above the optimum. Thus, when T is much
lower than the term in braces has a value close to 1 and the
equation approximates to the earlier form (Ratkowsky et al., 1982). When 
T approaches T , the term in braces becomes increasingly more importantIDciX
until it dominates.
= b(T - T ) 
v o
(i.e. the theoretical lowest temperature for growth if no changes in A
w
The Square Root type of relationship has also been used to describe the 
degradation rate of total nucleotides in cubes of carp muscle at various 
temperatures between 2° and 25°C (Ohta & Hirahara, 1977). The equation 
reported was:
where B is the temperature and R is the rate of reaction. Data were 
plotted according to this relationship and Arrhenius; a straight line was 
obtained for the former and a curve for the latter. Ratkowsky et al. 
(1982) report that the Square Root Equation also describes the effect of 
temperature on the deterioration of proteinaceous foods. Pooni & Mead 
(1984) compared 14 published sets of spoilage data and found that the 
Square Root equation was more appropriate than the Relative Spoilage Rate 
equation of Spencer & Baines (1964) for prediction of spoilage.
Many authors have studied the growth of the total flora in foods at 
different temperatures (e.g. Greene & Jezelski, 1954; Ayres, 1960;
Barnes et al., 1978; Ali, Hoshyare & Al-Delaimy, 1982). However, in 
general, too few temperatures have been studied or no attempt 
has been made to analyse the rates of growth.
An early exception to this was Scott (1937), who studied the growth of 
food spoilage isolates inoculated on beef muscle. The organisms used 
were three ,tAchromobactern spp. (no longer recognised in the 8th Edition 
of Bergey's Manual of Determinative Bacteriology (1974); more recent work 
(Brown & Weideraann, 1958) suggests that these organisms were in fact 
members of the genus Pseudomonas), one Pseudomonas sp. and six yeasts.
2.4.4. Growth of organisms in foods at different 
temperatures
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Arrhenius plots were presented, which have a curved appearance despite the 
author's optimistic statement that "usually a portion of the curve 
approximates to a straight line". Kopelman & Efroni (1977) studied the 
growth rate of yeasts in fruit juices, and biphasic Arrhenius curves were 
plotted, although the data could also have been fitted by a curve. 
Langeveld & Cuperus (1980) studied the growth of organisms in artificially 
contaminated pasteurised milk. These authors presented Arrhenius plots 
of their data, which took the form of curves.
Broughall, Anslow & Kilsby (1983) have developed a mathematical model to
describe the growth of pathogens (Staphylococcus aureus and Salmonella
typhimurium) in milk at various temperatures. They fitted their data to
the non-linear Arrhenius regression of Schoolfield, Sharpe & Magnuson
(1981), producing curved lines for plots of lag times and generation times
at various temperatures and A^ values. Using this model, the lag time
(i.e. when the organism would not be expected to have started growing) can
be predicted for these organisms if the temperature of storage and A of
w
the food are known. Later work by Broughall & Brown (1984) introduces a 
third variable, pH, into the predictive model.
2.4.5. Conclusions
Two equations have been used to describe the relationship between 
temperature and growth rate for organisms: the Arrhenius and the Square
Root relationships. There is disagreement in the literature as to 
whether the Arrhenius plot is linear, biphasic or curved, and whether the 
temperature characteristic, p, has any significance. On the other hand, 
the use of the Square Root relationship for organisms has been reported 
only by one set of authors and their claim for the linearity of the 
relationship and the link between Tq values and cardinal temperatures for
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growth has not been substantiated by any other workers. Little analysis 
of growth rates in foods has been done, although the relationship between 
spoilage rate and temperature has been used to develop commercially 
available "temperature function integrators11 in order to monitor the 
temperature storage history of foods, especially fish (e.g. Olley & 
Ratkowsky, 1973). More problems may be encountered during the study of 
growth rates in foods, as mixed cultures are usually involved, and the 
optical density techniques previously used with pure cultures are not 
applicable to foods. There is therefore scope for further work in three 
main areas: (i) determination of the best relationship between
temperature and growth rate of micro-organisms, (ii) applicability of 
colony count to these equations for pure cultures and for foods, and (iii) 
whether rapid microbiological assay techniques can be used for a faster 
prediction of potential growth rate at a given temperature.
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3. GENERAL MATERIALS AND METHODS
Organisms
The organisms used throughout this study are listed in Table 2.
Organisms were maintained on agar slopes (Nutrient Agar (Oxoid) or 
All-purpose Tween Agar (Difco) for bacteria; Malt Extract Agar (Lab M,
Lab 37) for yeasts) at 5°C and subcultured approximately every three 
months.
Colony count determinations
Appropriate serial decimal dilutions of pure cultures, lamb and cream 
homogenates and fruit juices were prepared in sterile ^-strength Ringer’s 
solution + 0.1^ Bacteriological Peptone (Difco). For pure cultures, meat 
homogenates and higher-count creams, prepared and dried plates of the 
appropriate solid medium were inoculated using the Spiral Plate method 
(Jarvis, Lach & Wood, 1977). Yeasts in fruit juices and bacteria in 
lower-count cream samples were enumerated using a spread plate technique 
(0.1 ml inoculum). These two plating techniques have been shown to 
produce similar results (Jarvis, Lach & Wood, 1977). In all cases, 
duplicate plates at two dilution levels were inoculated. After 
incubation, colonies from meat samples in Chapter 4 were counted with a 
Laser Bacterial Colony Counter (Don Whitley Scientific, Shipley,
W. Yorks). All other colonies were counted visually. Details of media 
and incubation temperatures for plates are given in the relevant chapters.
50
au-uaj-igenes viscosus 
Alteromonas putrefaciens* 
Brochothrix thermosphacta
Citrobacter freundii 
Citrobacter freundii 
Enterobacter cloacae 
Escherichia coli 
Hafnia alvei 
Klebsiella pneumoniae 
Moraxella sp.
Proteus vulgaris 
Pseudomonas fluorescens 
Pseudomonas fragi 
Pseudomonas sp. (non-pigmented) 
Pseudomonas sp. (pigmented) 
Saccharomyces cerevisiae 
Salmonella anaturn 
Salmonella arizona 
Salmonella dublin 
Salmonella enteritidis 
Salmonella gallinarum 
Salmonella hadar 
Salmonella heidelberg 
Salmonella infantis 
Salmonella manhattan 
Salmonella newport 
Salmonella panama 
Salmonella pullorum 
Salmonella schwarzengrund 
Salmonella senftenberg 
Salmonella solt 
Salmonella typhimurium 
Salmonella typhimurium 
var. Copenhagen 
Salmonella virchow 
Salmonella sp. (lysine negative) 
Salmonella sp. (isolates A-E) 
Serratia marcescens 
Staphylococcus aureus 
Yeast (Spoilage Isolate)
JNU1U 3233
FRI
Ulster CurersT
EBF 44/148
Association M51
RA - MS -
MRI VR73
RA - MS -
NCTC 9001
NCTC 6578
NCTC 9633
NCIB 10763
NCTC 4175
NCIB 9046
NCIB 8542
FRI EBT 2/167
FRI MJT/F4/14(2)
NCYC 240
R A Isolate -
NCTC 8297
NCTC 9676
NCTC 5188
NCTC 10532
NCTC 9877
NCTC 5717
R A Isolate -
R A Isolate -
R A Isolate -
NCTC 5774
NCTC 5776
NCTC 6756
RA - MS -
NCTC 6757
NCTC 74
R A Isolate —
NCTC 5742
R A Isolate -
R A Isolate -
ATCC 4180
NCTC
R A Member
8532
Company Y57
*  Deposited as Pseudomonas putrefaciens in the NCIB collection (NCIB 10761)
NCIB - National Collection of Industrial Bacteria
NCYC - National Collection of Yeast Cultures
NCTC - National Collection of Type Cultures
ATCC - American Type Culture Collection
FRI - Food Research Institute, Norwich
MRI - Meat Research Institute, Bristol
RA - MS - Leatherhead Food RA Member Services Laboratory
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Homogenate preparation
Samples of meat and cream were stomached 1:10 in the appropriate medium or 
buffer (see experimental chapters for details) using a Colworth 400 
Stomacher (Sewards Ltd, Blackfriars, London) for 30 seconds.
Centrifugation
Three bench-top centrifuges were used during this study. These were: an
MSE Minor (MSE Ltd, Crawley, W. Sussex) a Damon IEC Centra-3 (Damon/IEC 
(UK) Ltd, Dunstable, Beds.) and an MSE Centaur 1 Bench Centrifuge (MSE 
Ltd). For harvesting Bacteriophage 0-1, an MSE Hi-speed 21 was used at 
4°C at 10,000 g for 30 minutes.
pH measurements
pH measurements were made using an Orion digital pH meter, Model 811 (UK 
suppliers: Fisons Scientific Apparatus, Loughborough, Leics.) or a Pye
Unicam pH meter, Model 90 (Cambridge Instruments). The instrument was 
calibrated using standard buffers of pH 7 and pH 4.
Electrical measurements
Two instruments were used to measure the changes in electrical parameters 
produced during microbial metabolism. A Bactometer B32 (Bactomatic UK 
Ltd, Henley-on-Thames, Oxon.) was used for part of the work described in 
Chapter 6. The instrument is shown in Plate 1. It consists of an air 
incubator into which plastic modules are inserted. Electrical impedance 
is monitored and recorded on a 32-channel Honeywell chart recorder.
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The instrument works on a balanced bridge principle, in which readings 
from inoculated sample wells are compared with those from uninoculated 
control wells. For the work in Chapter 6, the incubator was set at 37°C 
and the chart speed was 0.5 in/h.
A Bactometer M120 (Bactomatic UK Ltd) was used during work for Chapters 5, 
6 and 7. The instrument is shown in Plate 2. It consists of two air 
incubators capable of holding four modules each (120 samples). A 
computer program stored on a floppy disk controls collection, storage (on 
a separate floppy disk) and interpretation of data. Data may be 
displayed on a screen or obtained as hard copy from the printer or 
plotter. To achieve temperatures below ambient, modules may be incubated 
in an external incubator and connected to the Bactometer by extender 
cables. The instrument measures conductance and capacitance, or, by 
using appropriate software, is capable of recombining the two signals to 
give impedance.
Buffers for ATP determination
Buffers used for ATP (adenosine triphosphate) measuring techniques were 
made using freshly distilled water (i.e. water collected immediately after 
distillation in a glass vessel) to reduce background ATP levels. All 
glassware used was rinsed beforehand with freshly distilled water.
Phosphate/citrate buffer., pH 5.8: 0.05M disodium hydrogen orthophosphate
(Analar) and 0.05M citric acid (Fisons, AR) were filter-sterilised 
separately under positive air pressure (Millipore filter, 0.45 pm pore 
size, 140 nm diameter). The solutions were mixed to achieve pH 5.8 as 
required.
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Tris/EDTA buffer, pH 7*75: 0.1M Trizma base (Sigma) containing 2.0mM
diaminoethanetetra-acetic acid, disodiura salt (EDTA; Fisons, AR) was 
adjusted to pH 7»75 with 0.1M acetic acid.
ATP assay
ATP was assayed using the luciferin/luciferase enzyme system of the 
firefly (McElroy, 1947). The enzyme reacts with ATP to produce light of 
an intensity proportional to ATP concentration. Light output from the 
reaction was measured with an LKB Luminoraeter 1250 and recorded on an LKB 
single-channel recorder (LKB Instruments Ltd, Croydon, Surrey). The 
instrument is shown in Plate 3. For each assay, 0.1 ml sample or 
standard was added to 0.7 ml Tris/EDTA buffer (as above) and 0.2 ml ATP 
Monitoring Reagent (LKB). A standard curve of light output in mV against 
ATP concentration was obtained using concentrations of ATP (Calbiochem or
O Q *jr
Sigma) between 10 and 10 femtograms (1 femtogram = 10" g) per 0.1 ml 
sample.
For a two-week trial period during the fruit juice study (Chapter 4), a 
Biocounter Model 2000 (Lumac; UK suppliers: Sterilin Ltd, Middlesex) was
used for ATP assay with the appropriate luciferin/luciferase preparation 
(Lumit PM, Lumac). For this instrument, 0.1 ml sample and 0.1 ml enzyme' 
were mixed and light output measured. Although Lumit PM is supplied in 
the Lumac Fruit Juice Test Kit (Chapter 4), this enzyme preparation was 
only used with the Biocounter Model 2000 even when the LKB instrument was 
used for ATP assay in fruit juices using the kit.
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The Lumac and LKB measuring systems are designed to record light output in 
different ways. The kinetics of light output follow a curve as shown in 
Fig. 3. The LKB instrument and reagents measure the light intensity in 
mV during the constant linear phase of the reaction, as a trace on the 
chart recorder. The Lumac instrument integrates the area under the curve 
when maximum intensity has been reached and gives a value of the integral 
for a pre-determined time span. Interference with the assay (e.g. by 
ATP-degrading enzymes) therefore is more apparent with the LKB instrument 
as a non-linear trace on the chart; the digital value given by the Lumac 
instrument does not indicate the shape of the light output curve.
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q Light intensity/ measured by LKB
b Integral over a period of time, measured by Lumac
Fig. 3 Kinetics of light output during the
reaction between firefly luciferin / luciferase 
and ATP
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PART II
CHAPTER 4
THE RAPID ESTIMATION OF MICRO-ORGANISMS BY ATP MEASUREMENT
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4. THE RAPID ESTIMATION OF MICRO-ORGANISMS BY ATP MEASUREMENT
4.1. Introduction
The luciferin/luciferase assay for adenosine triphosphate (ATP) has been 
used successfully to enumerate bacteria in pure cultures (D'Eustachio & 
Johnson, 1968; D'Eustachio, Johnson & Levin, 1968; Sharpe, Woodrow & 
Jackson, 1970). However, during this early work, problems were 
encountered with biological samples because non-microbial ATP was of 
sufficiently high levels to make the response from bacterial ATP 
negligible.
There are at least two possible ways to solve this problem. One is to 
separate the organisms from the sample, and the second is to destroy 
selectively the non-microbial ATP present in the sample, before the 
extraction and assay of microbial ATP.
These techniques have been applied to simple biological specimens; for 
example, Johnston, Mitchell & Curtis (1976) used a selective destruction 
technique with a selective extractant and apyrase (an ATP-ase) to remove 
somatic ATP from urine, and Baumgart, Fricke & Huy (1980a) have used 
filtration as a separation and concentration technique for bacteria in 
water prior to their assay by ATP measurement.
Foods have posed more of a problem as they are less homogeneous; 
however, selective destruction techniques have been used for some foods, 
e.g. milk (Bossuyt, 1981; Waes & Bossuyt, 1981) and fruit juices 
(Vanstaen, 1980). Baumgart, Fricke & Huy (1980b) attempted to estimate 
bacterial load in the washings from fresh meat by filtration and ATP 
assay, but ATP trapped on the filter was approximately 100-fold higher
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than expected from the colony count (calculated assuming an average level
of ATP per colony-forming unit (ATP/cfu) of 0.5 femtograras (1 femtogram,
15fg, = 10 g)). These authors also tried to concentrate organisms from
meat horaogenates using anion exchange resin, but were unsuccessful and 
concluded that destruction of non-microbial ATP was necessary. However, 
Wood (1979) has demonstrated that bacteria can be separated from minced 
beef using cation exchange resin.
The objective of this part of the present work was to confirm the use of
ATP assay for pure culture of organisms and then to demonstrate its use
for the estimation of micro-organisms in two foods (meat and fruit 
juices) with the development of appropriate sample preparation techniques 
to minimise interference from non-microbial ATP.
4.2. Materials and Methods
4.2.1. Samples
Pure cultures used in this study were Escherichia coli NCTC 9001, 
Pseudomonas fragi NCIB 8542, Saccharomyces cerevisiae NCYC 240 and 
Spoilage Isolate Y57, a yeast isolated from spoiled fruit juice (see
General Materials and Methods for details).
Meat was purchased locally. Several types of meat were analysed: beef
flank, beef stewing steak, minced beef, stewing lamb, lamb chop, pork 
belly and pork chop. Samples were stored in a domestic refrigerator 
(4° - 8°C) before analysis. To obtain meats with a higher count, samples 
were aged for 24, 48, 72 or 96 h in the refrigerator prior to assay.
Two types of fruit juice were used. These were: pasteurised, short
shelf-life orange juice, stored at chill temperatures in cartons, and
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UHT-treated, long shelf-life orange juice, stored at room temperature in 
cartons or bottles.
4.2.2. Preparation of samples for ATP assay
4.2.2.1. Pure cultures
E. coli and Ps. fragi were grown at 37° and 30°C respectively in Nutrient 
Broth (Oxoid) for 24 h prior to use. The yeasts were grown in Malt 
Extract Broth (malt extract (Oxoid L37), 30 g/1; mycological peptone,
5 g/1) for 24 h at 30°C. Cells were centrifuged at 2000 g for 20 rain 
(bacteria) or 10 min (yeasts), resuspended in freshly distilled water, 
washed twice by centrifugation and finally resuspended in freshly 
distilled water. This suspension was extracted and assayed for ATP.
In the case of bacteria, ATP was also assayed after organisms were 
collected on membrane filters (0.22 pm pore size, 25 mm diameter, 
Millipore).
4.2.2.2. Meats
Samples (10 g) were cut from the surface of the meat in pieces not 
greater than 1 g. The samples were stomached in 90 ml 0.05M 
phosphate/citrate buffer, pH 5.8, for 30 s, and the horaogenate 
centrifuged at 2000 g for 10 s. The supernatant was subjected to 
further separation with ion exchange resin and the pellet discarded.
For each assay, 2.5 g (unequilibrated weight) of cation exchange resin 
(Bio-Rex 70, 100 - 200 mesh, sodium form; Bio-Rad Laboratories Ltd, 
Watford, Herts) were used. The resin was equilibrated to pH 5.8 before 
use. Sufficient resin for several assays could be equilibrated at one. 
time by filling a large column (e.g. an Econocolumn, length 500 mm,
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internal diameter 10 mm, Bio-Rad Laboratories Ltd) with resin and pumping 
phosphate/citrate buffer, pH 5.8, through it until the effluent reached 
the correct pH.
The resin was put into a Coulter Counter accuvette (Coulter Electronics 
Ltd, Luton, Beds) and excess moisture removed. Ten millilitres of the 
meat horaogenate supernatant were added. The mixture was stirred at 
600 rev/min on a magnetic stirrer (Chiltem MS12, Don Whitley Scientific, 
Shipley, W. Yorks) for two minutes, and then the resin was allowed to 
settle for a further three minutes. Five millilitres of the supernatant 
after resin treatment were membrane-filtered (0.22 pm pore size, 25 mm 
diameter filter, Millipore). The filter was rinsed with 5 ml 0.05M 
phosphate/citrate buffer, pH 5.8, before use to facilitate filtration, and 
with a further 5 ml afterwards to wash through any free non-microbial ATP.
4.2.2.3. Fruit juices
For this study, only artificially contaminated juices were used. A 
suspension of yeast was prepared in freshly distilled water as described 
in Section 4.2.2.1. Serial decimal dilutions of this suspension in 
orange juice were prepared to give appropriate concentrations of 
yeasts. To increase low numbers of yeasts in juices, samples (10 ml) 
were incubated at 30°C for 24 h in sterile Universal bottles with the 
lids firmly screwed on. For some experiments, the pH value of the juice 
was raised to pH 4 or 6 with 4$ m/V disodiura hydrogen phosphate (Ingram, 
1960). A sample was considered to have produced gas during incubation 
if bubbles were seen on gentle shaking or if there was a slight hiss on 
opening the bottle.
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Two methods of sample preparation were investigated during this study.
The first was originally published by Vanstaen (1980) and is now 
commercially available as a complete kit (Lumac Fruit Juice Test Kit;
U.K. suppliers: Sterilin Ltd, Middlesex). A sample (0.5 ml) was added
to 0.5 ml F-NRS (Nucleotide-releasing agent for somatic cells in fruit 
juices, Lumac) with 20 pi Somase (purified ATP-ase in freeze-dried form, 
reconstituted as recommended by the manufacturer, Lumac) and incubated at 
room temperature for 45 rain. The sample was then shaken for a few 
seconds and ATP extracted and assayed.
The second method of sample preparation was devised to overcome problems 
encountered with the above technique. The sample (10 ml) was 
centrifuged at 1200 g for 10 min to deposit yeast cells and large plant 
particles. The fine plant particles and other chemical components of 
the juice remained in the supernatant, which was discarded. The pellet 
was resuspended and diluted to 10 ml with freshly distilled water; 1 ml 
was removed and added to 1 ml F-NRS and 40 pi Somase. NRS 
(Nucleotide-releasing agent for somatic cells, Lumac) was used for 
experiments before F-NRS became available. F-NRS is designed to raise 
the pH of fruit juices sufficiently to allow Somase to function. The 
mixture was incubated at room temperature for 45 min, then resuspended 
and diluted to 10 ml with freshly distilled water and centrifuged at 
1200 g for 10 min. This deposited the yeast cells and large plant 
fragments, whilst the Somase remained in the supernatant, which was 
discarded. The pellet was resuspended to 1 ml with freshly distilled 
water and yeast ATP was then extracted and assayed.
During the determination of reduction of background ATP levels in fruit 
juice, the centrifugation procedure was not adopted. Instead, the pH of
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the juice was altered to 6.4 with sodium hydroxide pellets prior to 
treatment with NRS and Somase.
4.2.3. Extraction of ATP
Total ATP was extracted from untreated meat homogenates by boiling for 
1 rain in 0.1M Tris/2mM EDTA buffer, pH 7.75, containing 0.1$ Triton 
X-100. ATP from suspensions of pure cultures or yeasts separated from 
fruit juices were extracted 1:1 V/V with NRB (Nucleotide-releasing agent 
for microbial cells, Lumac), L-NRB (Nucleotide-releasing agent for 
microbial cells in fruit juices, Lumac) or Extralight (Analytical 
Luminescence Laboratories; U.K. suppliers: Deraco Ltd, Birmingham)
depending on reagent availability. Organisms on filters (pure cultures 
of bacteria or organisms separated from meat) were extracted by immersing 
the filter in 1 ml NRB or Extralight. Samples were extracted for 
approximately 1 min before assay.
4.2.4. Assay of ATP
ATP was assayed as described in General Materials and Methods (Chapter 3). 
The LKB instrument and reagents were used unless otherwise specified.
The entire separation and assay procedures are summarised in Fig. 4 for 
meats and Fig. 5 for fruit juice. The use of freshly distilled water 
for all buffers and for rinsing glassware is extremely important to 
achieve low background levels of ATP.
Values of microbial ATP were compared with colony count, determined as 
described in General Materials and Methods (Chapter 3). E. coli and 
Ps. fragi were enumerated on Plate Count Agar (PCA, Oxoid) at 37° and 
30°C respectively for 24 h. Meat homogenates were also enumerated on
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10 g meat
N/
Stomach in 90 ml 0.05M phosphate/citrate 
buffer, pH 5.8
\k
Centrifuge at 2000 g for 10 s
10 ml supernatant + 2.5 g resin stirred 
for 2 rain and settled for 3 min
5 ml resin supernatant filtered through 
0.22 pm Millipore filter
\l/
Microbial ATP from filter extracted in 1 ml NRB
ATP assayed in Luminoraeter
Fig. ^ Separation and extraction of microbial ATP from meat
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Incubation for 24 h at 30°C
(some experiments only)
Lumac Fruit Juice Test Kit
\l/
To 0.5 ml sample, add 0.5 ml 
F-NRS and 20 pi Somase. Stand 
at room temperature for 
45 rain.
N/
Shake sample; add 1 ml L-NRB. 
Shake again.
i
Assay ATP in Luminoraeter 
V
The fruit juice is contaminated 
if the obtained reading is 
more than twice that of a non­
incubated (blank) sample of the 
fruit juice.
Separation/selective destruction 
technique
Centrifuge 10 ml sample (1200 g, 10 min)
i
Resuspend pellet to 10 ml with freshly 
distilled water.i
Remove 1 ml, add 1 ml F-NRS and 40 pi 
Somase. Incubate at room temperature 
for 45 min.
Add 8 ml freshly distilled water; 
centrifuge (1200 g, 10 rain).
N/
Resuspend pellet to 1 ml with freshly 
distilled water.i
Extract yeast ATP with 1 ml L-NRBI
Assay yeast ATP in Luminometer
Fig. 5 Preparation of samples for assay of yeasts in fruit juice
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PCA, at 30°C for 24 h. Yeasts in fruit juices and in pure culture were 
enumerated on Malt Extract Agar (LabM, Lab37) at 30°C for 24h.
4.2.5. Statistical analysis
To test the variability of a single homogenate colony count or ATP 
measurement, replicates from a piece of meat were tested according to the 
pattern shown in Fig. 6. The experiment was repeated on two separate 
days, using a different piece of meat on each occasion. The mean, 
variance and 95% confidence limits for the data were calculated (95% 
confidence limits = + ts/VrT, where s is the standard deviation of n 
replicates and t is the Student’s t value).
Cochran’s test for equality of variance was performed using the following 
formula (Walpole & Meyers, 1978):
largest variance
g = ____________ __
£ variances
A nested two-way analysis of variance was applied to the data to 
determine the variability between the two pieces of meat, samples from 
the same piece of meat, and samples from the meat homogenates. These 
data were not included in the graph of log-j0 ATP vs. log^ colony count 
(Fig. 8).
A least-squares regression analysis for log-jQ ATP on log^Q colony count 
was done for the means of the six homogenates from each day. The two 
lines were tested for similarity using the General Linear Hypothesis 
(Draper & Smith, 1966) that the parameters for the Day 1 line were the 
same as those for the Day 2 line, and vice versa, in separate tests.
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Homogenates
Centrifugation 
(2000 g, 10 s)
v  \j/ \j/
Supernatants a b e d  a b e d  a b e d  a b e d  a b e d  a b e d
Colony count; resin treatment and ATP assay
Fig. 6 Sampling plan for statistical analysis of colony 
counts and microbial ATP values in meat
4.3 Results
4.3.1. Measurement of ATP in pure cultures of 
food-associated organisms
A linear relationship between ATP concentration and light output over the 
3 8range 10-3 - 10 fg per 0.1 ml sample could consistently be achieved 
(Fig. 7). ATP assay was found to be applicable to pure cultures. The 
mean ATP content per colony-forming unit (ATP/cfu) for pure cultures of 
four species of food-associated organisms is shown in Table 3. The mean 
values were calculated by dividing the mean ATP content of a suspension 
by the mean colony count for several replicate samples. The ranges of 
ATP/cfu values are also shown. Up to fourfold differences between the 
values at either end of the range was observed. The ATP content of the 
two yeasts was approximately 15 - 100fold higher than that of the 
bacteria. Bacterial ATP content was reduced after filtration.
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Fig. 7 Standard curve for ATP assay using the LKB 
Luminometer and reagents.
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Table 3. ATP per colony-forming unit for pure 
cultures of organisms
ATP (fg) per colony-forming unit
Organism Unfiltered Filtered
Mean Range Mean Range
E. coli* 0.97 0.74 - 1.2 0.68 0.44 - 0.91
Ps. fragi+ 1.44 0.45 - 1.94 0.46 0.19 - 0.63
S. cerevisiae#* 147 122 - 183 N.T. -
Isolate Y57** 32 30 - 33 N.T. -
* Duplicates tested
+ Triplicates tested
#* Four replicates tested
N.T. Not tested
4.3*2. Measurement of microbial ATP in raw meats
4.3.2.1. The ATP content of meat
Table 4 shows the ATP content and colony count of homogenates from meats 
aged over a period of days in a domestic refrigerator (4° - 8°C).
72
Table 4. ATP content and colony count of meats (beef) 
during storage at 4° - 8°C
Sample Storage time 
(days)
Colony count 
(cfu/g)
ATP present in 
homogenate (fg)
ATP/cfu
(fg)
0 8.4 x 104 1.7 x 108 2024
1 1 1.9 x 105 1.0 x 108 526
2 1.1 x 106 1.0 x 1'08 90.9
0 9.5 x 104 2.7 x 107 284
2
6 1.1 x 108 1.3 x 108 1.2
The ATP content of Sample 1 did not change markedly with storage, whereas 
the colony count increased by 1.3 log1Q cycles. In Sample 2, the ATP 
increased by almost one log^ cycle, but the corresponding increase in 
colony count was of the order of 3 loS10 cycles. ATP/cfu in both 
samples decreased with increasing colony count.
4.3.2.2. The separation of micro-organisms
from meat homogenates
Brief centrifugation is known to deposit large meat particles, but not 
micro-organisms, from meat homogenates (Wood, 1979)* Further separation 
was achieved with the cation exchange resin treatment. At pH 5.8, 
Bio-Rex 70 has been shown to bind meat proteins but not Gram-negative 
organisms (Wood, 1979).
In order to test the efficacy of the resin treatment, colony counts of 
meat homogenates before and after resin treatment were compared. During 
the later statistical analysis, the 95/6 confidence limits of the log^
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colony count were shown to be up to + 0.21 log^ cycles (Table 9).
Colony counts from the horaogenate and the resin supernatant therefore were 
considered to be different if they were >0.42 log^ cycles apart. Of the 
55 beef samples examined, 41 (7556) did not show a significant difference 
before and after resin treatment. Of the remaining 14 samples, 10 showed 
a decrease in colony count after resin treatment. The extent of these 
differences is shown in Table 5.
Table 5. Comparison of the colony counts of 55 beef
homogenates with those of the derived resin supernatants
Difference in 
log1Qcolony 
count
No,. of samples in which:
Horaogenate count= 
resin supernatant 
count
Horaogenate count> 
resin supernatant 
count
Resin supernatant 
count> homogenate 
count
0 6 - -
0 - 0.42 - 26 9
0.42 - 0.5 - 6 1
0.5 - 0.6 - 3 0
> 0.6 - 1 3
The removal of meat proteins by the resin could be seen as the resin 
settled out after stirring. It developed a pinkish colour, leaving the 
supernatant markedly more clear. The supernatant was therefore easily 
filtered and the organisms collected on the membrane.
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4.3.2.3. Separation of micro-organisms 
from meat ATP
The necessity for separation of micro-organisms from meat ATP has been 
demonstrated (Table 4). Table 6 shows that, for three examples of meat 
samples, >96^ of the ATP present in the supernatant after centrifugation 
could be removed by the separation techniques and therefore was not 
contained within microbial cells.
Table 6. Comparison between ATP content of three meat (beef ) 
supernatants and ATP retained on the filter
Sample No. ATP content of 
supernatant (fg)
ATP isolated on 
filter (fg)
% ATP passing 
through filter
i 1.1 x 108 3.7 x 106 96.6
2 6.2 x 107 2.5 x 105 99.6
3 1.1 x 108 1.1 x 106 99.0
4.3.2.4. The relationship between microbial 
ATP and colony count in raw meats
Figure 8 shows the relationship between microbial ATP, extracted from the
filter, and colony count for 55 raw beef samples. These data correlate
closely (r = +0.94) and demonstrate that a reasonably linear relationship
5 Q
exists between the two parameters over the range 10^ - 10 cfu/g of 
beef. A similar relationship was found for raw pork and lamb (Fig. 9)*
The agreement between the two methods of estimation was calculated using 
the method described by Hardy et al. (1977). A cross is constructed on
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the regression line at a specific log1Q colony count value as shown in 
Fig. 8. In addition, areas containing the 9555 confidence limits were 
drawn to allow for the variation in colony count and ATP estimates. Data 
points which fall in the lower left and upper right quadrants are 
considered to be in agreement, whilst those in the upper left and lower 
right are not in agreement. When this method was employed for specific 
colony count values for the data in Fig. 8, very close agreement at all 
levels of contamination was found (Table 7).
Table 7. Percentage agreement of points about specified levels 
of colony count and ATP values for 55 raw beef samples
Colony count 
(log1Q cfu/g)
ATP content 
(log10 fg/g)
% Results in 
agreement
6.0 5.82 98
7.0 6.61 96
8.0 7.41 100
9.0 8.20 98
4.3.2.5 The ATP content of micro-organisms 
separated from meat
The ATP/cfu values derived from the horaogenate count of beef were 
calculated, and the values obtained are shown in Table 8.
The value of ATP/cfu was highest at the lowest level of microbial 
contamination of meat and the range of values obtained at this level was 
considerably greater.
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Table 8. The ATP content of micro-organisms separated from beef
Horaogenate 
colony count 
(cfu/g)
No. of samples Mean
ATP content 
(fg/cfu)
S.D. Range
105 - 106 16 2.05 3.10 0.15 - 11.0
106 - 107 8 0.44 0.17 0.17 - 0.71
ooO1
t>-o
12 0.23 0.19 0.07 - 0.66
o^o1
ooo
19 0.33 0.19 0.09 - 0.75
4.3.2.6. Statistical analysis
The previous results showed a considerable amount of scatter, especially 
5 6around 10 - 10 cfu/g (Fig. 8). One point in Fig. 8 represents one 
sample of meat. Replicates from single pieces of meat were tested on
two separate occasions to assess the degree of variation in each method 
of measurement. The mean, variance and 95$ confidence limits of the 
log^g colony count and log^ ATP value for each homogenate on each day 
are shown in Table 9.
The means and 95% confidence limits were plotted (Fig. 10) and showed a 
similar spread of data to that shown in Fig. 8. However, the spread of 
points did not appear to be due to the inherent variation in the methods 
of measuring, as the 95% confidence limits in many cases did not 
overlap. A nested two-way analysis of variance was therefore done to 
ascertain where the variation was occurring. This test was applicable
79
£Z 
O  
00 
a
a
o
to
CJ
co
oo
CJ
LJ
LJo
CTn
ON
czo
00
CJ
LJ
LJ
o
lO
ON
"DLJLJ
Cvl
OsJ
cncn
LJ
M—
LJ
OO
OO
cn
=j
*4—
LJ
cz> 
1— 
cn 
o
cz
ZDo
LJ
>>*
CZo
80
Fig
. 1
0 
Co
lon
y 
co
un
t 
an
d 
m
ic
ro
bi
al
 
AT
P 
co
nt
en
t 
fo
r 
six
 
ho
m
og
en
at
es
 
fro
m 
two
 
m
ea
t 
sa
m
pl
es
.
Table 9« Mean, variance and 95^ confidence limits for replicate 
colony count and ATP estimates on raw beef
Homogenate 
colony count 
(log1Q cfu/g)
ATP content 
(log10 fg/g)
Day Sample
Mean* Variance* L o g ^Q95% CL* Mean* Variance* Log1095/S CL*
1 6.31 0.0161 + 0.21 5.74 0.0131 + 0.18
2 8.85 0.0089 + 0.14 8.14 0.0028 + 0.08
1 3 8.11 0.0067 + 0.13 7.36 0.0083 + 0.14
4 6.70 0.0063 + 0.13 6.20 0.0355 + 0.30
5 6.26 0.0011 + 0.05 5.92 0.0084 + 0.14
6 6.20 0.0052 + 0.11 5.94 0.0049 + 0.11
1 7.32 0.0019 + 0.06 7.03 0.0011 + 0.05
2 6.50 0.0015 + 0.06 6.18 0.0014 + 0.06
2 3 7.53 0.0084 + 0.14 7.46 0.0031 + 0.10
4 6.39 0.0001 + 0.02 6.25 0.0102 + 0.16
5 6.38 0.0111 + 0.18 6.19 0.0281 + 0.27
6 6.65 0.0006 + 0.05 6.74 0.0063 + 0.13
* calculated from four replicate samples
because no single variance had been shown to be significantly greater 
than the others by Cochran’s Test. The analyses of variance are shown 
in Table 10.
The mean square value for the error was 0.01 for log^ ATP and 0.005 for 
log^ colony count. This indicated that the variability of samples from 
the same horaogenate was very low for both measurements, but slightly 
greater for ATP measurements (although not significantly so at the 5%
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Table 10. Nested two-way analysis of variance for 
colony count and ATP measurements
ATP measurements Colony counts
DF* E(MS)+ MS** F MS** F
Between
meats 1 o-2+4cr 2+24cr 2 0.095 
H M 25
0.092 3.32
Between 
homogenates 
within meats
10
^ H 2
2.46 246*** 3.05 610***
Within
horaogenates 36 o-2 0.01 - 0.005
Total 47 -
Total variance 0.53 0.67
Estimates a-2 = 0.01
% 2 -  °-61
a  y
V  = 0M
a-2 = 0.005
%  ■
f - 0
Significance *** £ <0.001 
* Degrees of freedom 
+ Estimate of Mean Square 
** Mean Square Value
level). The overall variation, as shown by the total mean square value, 
was greater for the colony count (0.67) than for ATP (0.53)* This 
indicated that there was a lower order of discrimination between 
horaogenates and meats with ATP measurements than with colony count. 
However, this lack of discrimination revealed by analysis of variance is 
not apparent from Fig. 10, where the span of measurements is 
approximately equal for both methods of measurement. For both methods, 
the differences between meats were not significant but the differences
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between homogenates within meats were highly significant. Most of the
variation is therefore occurring between homogenates within meats
(cr = 0.61 and 0.76 for ATP values and colony count values respectively) 
H
A P
rather than within homogenates (cr = 0.01 and 0.005 for ATP values and 
colony counts respectively).
When regression lines of log^ ATP on log-jQ colony count were plotted for 
each day’s mean values (Fig. 10), lines of apparently different slope and 
intercept were obtained. The General Linear Hypothesis was first tested 
that the parameters of the line for Day 1 were equal to those for 
Day 2. An F-ratio of 33.09 on 2 and 4 degrees of freedom was obtained, 
which is significant at the level. When the parameters for Day 2 
were tested against those for Day 1, the F-ratio was 12.03 on 2 and 4 
degrees of freedom, which is significant at the 5% level. Since both 
tests produced significant results, the relationship was different for 
the two pieces of meat.
4.3.3. Measurement of yeast ATP in fruit .juices 
4.3.3.1• The ATP content of fruit juices 
Untreated fruit juices were found to contain large quantities of ATP,
g
equivalent to >10 yeasts/ml juice. On assay, light output overloaded
Q
the instrument. Any ATP in the juice due to yeast (<10 cfu/ml) would 
therefore be negligible in comparison, so it was necessary to reduce 
non-microbial ATP levels in juice prior to the extraction and assay of 
yeast ATP.
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4.3»3»2. Evaluation of the Luraac Fruit Juice Test Kit
Early work using the method described by Vanstaen (1980) was done with 
reagents purchased individually. NRS and Somase treatment did not 
reduce juice ATP levels. When the Luraac Fruit Juice Test Kit was 
marketed (Fig. 5), F-NRS was introduced to raise the pH of the juice 
sufficiently to allow Somase to function. When the kit was tested, 
unstable traces were produced on the LKB chart recorder, indicating 
changes in ATP concentration in the measuring cuvette. Despite the use 
of F-NRS, background levels of ATP in uninoculated juices were still not 
reduced sufficiently. Only on a few occasions was there a relationship 
between the number of organisms in inoculated juice and the amount of 
yeast ATP. In general, results were better when the Lumac Biocounter 
Model 2000 was used, probably because the integral readout was less 
affected by changes in ATP concentration within the measuring cuvette 
than was the linear trace expected on the LKB chart recorder. Table 11 
shows a successful set of results, i.e. a decrease in ATP with decreasing 
colony count of Isolate Y57, using the kit and both Luminoraeters with 
their respective luciferin/luciferase preparations. Using the Lumac 
criterion for detection of yeasts, i.e. the juice is contaminated if the 
obtained reading is more than double that of a non-incubated sample of 
the juice (Fig. 5), the lower limit of detection was 10^  cfu/ml on both 
instruments.
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Table 11. Detection of yeasts in pasteurised orange juice
using the Lumac Fruit Juice Test Kit
Colony count 
(cfu/ml)
LKB Lumac
ATP response 
(mV)
Contaminated* ATP response 
(counts/10 s)
Contaminated*
0 0.85 Blank 182 Blank
1.0 x 102 0.63 - 141 -
1.0 x 103 0.73 - 172 -
1.0 x 104 0.90 - 201 -
1.1 x 105 6.83 + 1154 +
1.5 x 106 18.15 + 2579 +
*according to the Lumac criterion (Fig. 5)
4.3«3.3. The selective destruction of non- 
microbial ATP in fruit juice
Non-raicrobial ATP levels in juice could not be reduced adequately using 
only F-NRS and Somase treatment. Further sample preparation therefore 
was necessary prior to assay of yeast ATP. After juice pH was adjusted 
to 6.4 with sodium hydroxide pellets, NRS (F-NRS was unavailable at this 
time) and Somase reduced non-microbial ATP levels to zero after 45 min 
incubation at room temperature (Table 12).
A similar effect to raising the pH with sodium hydroxide was obtained 
when the juice was centrifuged and the pellet resuspended in freshly 
distilled water (Fig. 5). Although this method did not raise the pH, 
NRS or F-NRS and Somase treatment reduced juice ATP levels adequately.
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Table 12 Destruction of ATP in pasteurised orange juice 
by a combined treatment with NRS and Somase
Time (min) ATP (fg) per 0.1ml sample*
0 8Above range of instrument"1" (>10 )
5 4.7 x 107
10 9.0 x 106
15 2.1 x 106
20 7.5 x 105
25 2.1 x 105
30 8.0 x 104
35 2.2 x 10^
40 8.5 x 103
45 N.D.(<103)
50 N.D.
N.D. not detected
* juice adjusted to pH 6.4 with sodium hydroxide pellets
+ LKB Luminoraeter
The centrifugation procedure was adopted for subsequent experiments 
involving yeasts to avoid contact of the yeasts with strong alkali. 
The effect of various treatments on juice pH is shown in Table 13.
Table 13 Effect of various treatments on the pH of UHT orange juice
Sample PH
Untreated juice 3.48
Juice + F-NRS* 6.69
Centrifuged juice4" 3.60
Centrifuged juice4" + F-NRS* 7.72
* Added in a 1 : 1 ratio with sample
+ 10 ml juice centrifuged at 1200 g for 10 min, supernatant discarded, 
pellet resuspended to 10 ml in freshly distilled water.
86
4.3-3-^- Assay of yeasts in artificially 
contaminated juices
Preliminary results with S. cerevisiae in pasteurised orange juice 
demonstrated a linear relationship between log^ colony count and log1Q
o c
yeast ATP over the range 4 x 10-3 to 4 x 10 cfu/ml (Fig. 11). Lo®to 
was plotted against log^Q colony count for dilutions of Isolate Y57 in
eight samples of juice assayed on separate occasions. For colony count 
4
values> 10 cfu/ml, ATP increased with increasing colony count, but below 
this value no change in apparent yeast ATP content was observed 
(Fig. 12). Therefore, for detection of low numbers of yeasts in fruit 
juices, an incubation procedure would be necessary to raise yeast numbers 
to sufficiently high numbers for assay.
4.3.3*5. Detection of low numbers of yeasts
in artificially contaminated juices
Low numbers of yeasts were inoculated into pasteurised orange juice and 
the juice incubated prior to assay to determine whether at least 
104 cfu/ml could be attained in 24 h. Typical results are shown in 
Table 14.
It was possible to detect an original inoculum of 1 cfu/ml after 24 
hours1 incubation of the juice at 30°C. ATP had risen to detectable 
levels before gas was detected. However, after incubation, the level of 
ATP/cfu was considerably reduced in this particular experiment. ATP/cfu 
was at least fivefold lower than the values obtained with no incubation 
step in Fig. 12 (ATP/cfu values between ca. 15 and 100 fg). This was a 
variable effect - on some occasions no reduction of ATP/cfu was 
observed. This means that the sensitivity of the test may be reduced on 
some occasions.
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Fig. 11 Relationship between ATP and colony count 
for S. cerevisiae in pasteurised orange juice.
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Table 14. ATP and colony count of Isolate Y57 after 24 hoursf 
incubation at 30°C in pasteurised orange juice
Initial inoculum 
(cfu/ml)
Gas* Colony count* 
(cfu/ml)
Yeast ATP content* 
(fg/ral)
ATP/cfu*
(fg)
102 +/-+ 5.7 x 106 2.1 x 107 3.74
101 - 9.2 x 105 1.1 x 106 1.1
10° - 1.3 x 1Q5 8.2 x 104 0.65
* Mean of 5 replicates
+ One sample slightly gassy; four negative
Attempts to raise the ATP/cfu of yeasts after incubation in juice were 
unsuccessful. The following methods were tried:
1) raising the pH of the juice to 4 or 6 prior to incubation,
2) resuspending the yeasts in phosphate buffer rather than freshly 
distilled water after centrifugation, and
3) incubating the yeasts in Nutrient Broth (Oxoid) with *\% glucose for 
15 rain or MEB with glucose for 30 min prior to extraction and 
assay of yeast ATP.
4.4. Discussion
The aim of the first part of this chapter was to establish the efficacy of 
the luciferin/luciferase ATP assay technique and to compare ATP/cfu values 
obtained for pure cultures with those reported in the literature. ATP 
assay, using an LKB instrument and reagents, was sensitive and rapid and a 
linear relationship for standard concentrations of ATP could be obtained
o o
reproducibly over the range 10-5 - 10 fg ATP per 0.1 ml sample (Fig. 7).
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Values of ATP/cfu obtained for bacteria (0.97 fg for E. coli and 1.44 fg 
for Ps. fragi; Table 3) compared well with various results published in 
the literature (D’Eustachio & Johnson, 1968; D'Eustachio, Johnson &
Levin, 1968; Baumgart, Fricke & Huy, 1980a). The ATP/cfu value obtained 
here for a laboratory strain of a yeast, S. cerevisiae (147 fg), was 
similar to that reported by Sharpe, Woodrow & Jackson (1970). The value 
for a spoilage yeast, Isolate Y57, was lower (32 fg). Some ATP was lost 
on filtration of bacteria. Filtration may be a stress to bacteria, but 
It may be possible for ATP/cfu levels to recover on brief incubation in a 
nutrient broth, as has been shown for ATP/cfu values in centrifuged 
bacteria (Patel & Wood, 1983)-
Since the ATP assay technique was easily applicable to pure cultures of 
organisms, the objective was then to establish whether it could be used to 
estimate microbial numbers in foods. Earlier workers (Sharpe, Woodrow & 
Jackson, 1970; Williams, 1971; Baumgart, Fricke & Huy, 1980b) all 
demonstrated the high levels of non-microbial ATP present in foods. The 
present study confirms these results for two types of food. Levels of 
non-microbial ATP were shown to be too high to detect all but the most 
severe microbial contamination of meat (Table 4). In the case of fruit 
juices, non-microbial ATP was sufficiently high to overload the instrument 
(Table 12). Therefore, as concluded by earlier workers, some form of 
sample preparation is necessary if the ATP technique is to be useful to 
detect micro-organisms in foods.
There are at least two approaches to the problem of high non-microbial ATP 
levels in samples. One is to destroy non-microbial ATP enzyraically prior 
to extraction and assay of microbial ATP; the other is to separate 
organisms from the food components. In the present study, two methods of
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sample preparation were developed for two foodstuffs, according to their 
different physical and microbiological characteristics. In a meat 
horaogenate, micro-organisms are suspended together with large meat 
particles, fine, colloidal membranous particles and some soluble 
substances from ruptured cells. The pH of meat is usually around 5.5, 
although values between 5.0 and 7.0 are possible (Ingram & Simonsen,
1980). In contrast, fruit juices are acidic (pH 3*0 - 3.5). They 
contain large, polysaccharide, plant cell particles, smaller, membranous, 
collodjial particles and soluble substances such as ATP. Fruit juices are 
generally spoiled by yeasts, whereas the predominant spoilage flora of 
meats is usually bacterial.
For raw meats, a three stage separation technique was devised to remove 
bacteria from the horaogenate prior to the extraction and assay of their 
ATP. The brief, low-speed centrifugation is known to remove large meat 
particles from a meat horaogenate without removing bacteria (Wood, 1979). 
Colloidal meat particles were removed using the cation-exchange resin, as 
at pH 5.8 Bio-Rex 70 retains meat proteins but not Gram-negative organisms 
(Wood, 1979), which are the primary spoilage agents of aerobically stored, 
chilled fresh meat (Ayres, 1960; Gardner, 1965). This separation 
actually can be seen, as much of the red colour from the meat is adsorbed 
onto the resin. The resin treatment has a two-fold purpose: not only 
does it remove membranous particles which may contain ATP, but it also 
facilitates filtration of horaogenates, to allow the retention of organisms 
on the filter whilst soluble ATP passes through. The efficiency of 
separation of organisms by the resin treatment was demonstrated in 
Table 5, where 75% of samples showed no greater variation before and after 
treatment than might be expected from the inherent variability in the 
colony count technique. The majority of the other 25% of samples showed
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a slight loss in colony-forming units; however, this did not seem to 
affect the classification of the meat about specified levels of colony 
count (Table 7)« Despite the lowering of ATP/cfu noted on filtration of 
pure cultures of bacteria (Table 3)> any losses of this type did not seem 
to affect the final relationship.
For fruit juices, a combined separation and selective destruction 
technique was devised. A combination of the two techniques was found to 
be necessary for two reasons. Firstly, separation of yeasts from large 
plant particles proved difficult, and secondly, with no separation at all, 
inhibitory compounds in the juice interfered with Somase activity. It 
was necessary either to centrifuge the juice or raise the pH for Somase to 
function effectively. Although centrifugation did not raise the pH when 
the pellet was resuspended (Table 13)> it probably reduced the buffering 
capacity or the ionic concentration. An example of what happens when
food ATP is not removed adequately was shown with the Lumac Fruit Juice 
Test Kit. On many occasions, unsatisfactory results and unstable traces 
on the LKB chart were obtained, indicating that substances were present 
which interfered with the light-producing reaction. On no occasion was 
the background level of non-yeast ATP reduced to undetectable quantities; 
possibly there were substances present in the juice which inhibit 
Somase. Falling ATP levels in the measuring cuvette, detected by a 
downward drift on the chart recorder, were possibly due to degradation of 
ATP by the Somase present in the reaction mixture. Upward-drifting 
traces may have been caused by more rapid extraction of yeast ATP than its 
destruction by Somase. These faults were less apparent using the Lumac 
instrument, with its integrated readout. These problems illustrated the 
requirement for a separation system to remove yeasts from other juice 
components and also the necessity to remove Somase prior to the extraction
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and assay of yeast ATP. Centrifugation was considered the best course, 
as inhibitory substances could be separated from the yeasts and discarded 
with the supernatant liquid. Filtration, another simple separation 
system, proved impractical for this purpose as plant particles quickly 
blocked the membrane. Yeasts could not be totally separated from plant 
particles by centrifugation, since the larger particles were always 
deposited with the yeast. However, centrifugation improved the 
effectiveness of the NRS and Somase treatment, and the background levels 
of ATP in juices could be reduced consistently to very low or undetectable 
levels.
The final test of the efficiency of these separation processes is the
relationship between microbial ATP and colony count. This can be
considered graphically and in terms of ATP/cfu. Figures 8 & 9 for meats
and 11 & 12 for fruit juices artificially contaminated with yeasts show
that a good relationship can be obtained. For beef, the system of
classifying the points about specified colony count levels (Table 7)
suggests that ATP measurement provides essentially the same results as the
colony count in assessing the microbiological status of meat. ATP/cfu
6 9levels for beef were similar for colony counts between 10 and 10 cfu/g,
5 6but for lower levels (10 - 10 cfu/g) ATP/cfu values were five-fold 
greater and the spread of values was greater. There are two possible 
reasons for this. Firstly, the state of aggregation of micro-organisms 
taken from meat is not known. It is possible that at apparently low 
viable counts the organisms are clumped, with each cfu comprising several 
viable cells. Each of these will contribute to the total ATP value, but 
not to the colony count, thus raising the ATP/cfu value. Secondly, at 
lower levels of contamination, the total amounts of microbial ATP are very 
small, approaching the sensitivity of the instrument used, and the
signal:noise ratio is consequently high. This will increase the scatter 
of signals. In addition, any small amount of non-microbial ATP which the 
separation system fails to discard will have an inordinately large effect 
upon the total ATP detected, increasing the apparent ATP/cfu values for 
lower levels of micro-organisms. If this is the case, the non-microbial 
ATP must be on the filter and it may be possible to destroy it with an 
ATP-degrading enzyme prior to the extraction of microbial ATP. Using 
this procedure and a more sensitive photometer, the limit of detection of 
the system might be lowered.
In fruit juices, ATP/cfu varied according to the colony count of the yeast
(Fig. 12), possibly due to different states of aggregation of the cells or
to residual non-microbial ATP, which would increase the apparent ATP/cfu
levels of lower number of yeasts. The limit of detection of Isolate Y57
4was approximately 10 cfu/ml, although a constant amount of ATP was 
detectable at colony counts below this value. This threshold level of 
ATP may originate from fruit particles and only be extracted and assayed 
when a stronger extractant, L-NRB, is added, since NRS and Somase are 
capable of destroying all apparent non-microbial ATP (Table 12). After 
incubation in juice, ATP/cfu levels were on some occasions reduced 
considerably. This may have been due to stress on the yeast from growing 
at a low pH, or a change in size of the yeast cell, or a decrease in the 
number of cells in a colony-forming unit. Attempts to improve this could 
not pinpoint any one cause. Spoilage may be due to the growth of only 
one species of yeast, although not necessarily always the same one. 
Therefore, differences in ATP/cfu between different types of yeast may 
lead to problems if interpolation of colony count from ATP data is 
required. For these reasons, it may be more informative for a growth 
test to be done, for example to measure the increase in yeast ATP over a
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specified time, e.g. 5h, any increase indicating potential spoilage (as 
recommended for the Lumac Fruit Juice Test Kit). This would have the 
advantage of the fermentation test (Ingram, 1960) in allowing only 
potential spoilers to grow, and would still be a more rapid technique than 
the colony count or the fermentation test.
Although log^ values of the results for beef were closely correlated 
(Fig. 8), there was considerable scatter in the relationship. More 
detailed comparisons between ATP assay and colony count therefore were
done for beef. Analysis of variance (Table 10) showed that ATP
measurement was subject to greater intrinsic error than the colony count 
(although not significant at the 5% level), and was also less 
discriminatory, although the lower degree of discrimination is not 
noticeable in Fig. 10. Therefore, in absolute terms, the colony count is 
apparently more sensitive. However, from the nested analysis of variance 
(Table 10) and from Fig. 10, it is clear that more variation occurs 
between homogenates within meats than within samples from the same 
homogenate, for both ATP and colony count, probably because it is easier 
to obtain a representative sample from a liquid than from a solid meat 
sample. Thus, for purposes of quality control, the difference in 
sensitivity between the two measuring techniques may not be important or 
useful, and is outweighed by the advantage of obtaining a result in 20
minutes. Another reason for the scatter in Fig. 8 was revealed by
regression of the mean values for the two days (Fig. 10). The regression 
lines were found to be significantly different for the two meat samples, 
either as a result of different states of aggregation of the organisms or 
as a result of a different flora having developed on the meat under 
different storage conditions. Different ATP/cfu values on different meat
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samples therefore could account for much of the scatter in this 
relationship.
In conclusion, ATP assay can be used to provide information about 
microbial contamination in foods if a suitable sample preparation 
procedure is followed for the type of food and organisms present.
Estimates of microbial number on meats can be obtained in 20 - 25 
minutes. The presence of yeasts in fruit juice may be detected in 
1 h 15 rain, but colony count values derived from ATP data for juices 
should be treated with caution.
4.5. Summary
The ATP content of pure cultures of organisms (bacteria and yeasts) was 
shown to be similar to those previously reported in the literature.
The necessity for sample preparation to remove non-microbial ATP before 
the assay of microbial ATP was demonstrated for both raw meats and fruit 
juices. The approach was dependent on the characteristics of the food. 
For raw meats, a simple three-stage process for separation of organisms is 
described, consisting of centrifugation, ion-exchange resin treatment and 
filtration. Fruit juices were treated by a combination of separation by 
centrifugation, and the enzymic destruction of non-microbial ATP. A 
relationship between log1Q ATP and log-jQ colony count was demonstrated and 
ATP/cfu values discussed.
Comparisons were also made between the accuracy and precision of ATP 
measurement for raw beef.
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PART II
CHAPTER 5
THE RAPID ESTIMATION OF MICRO-ORGANISMS BY ELECTRICAL MEASUREMENTS
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5. THE RAPID ESTIMATION OF MICRO-ORGANISMS BY ELECTRICAL MEASUREMENTS
5.1. Introduction
Electrical measurements have been used to estimate colony counts in a 
variety of foodstuffs, e.g. raw meat (Wood, Lach & Jarvis, 1978; 
Firstenberg-Eden, 1983)> milk (Cady, Hardy, Martins, Dufour & Kraeger, 
1978; Firstenberg-Eden & Tricarico, 1983) and frozen vegetables (Hardy 
et al., 1977). Electrical measurements have the advantage over 
conventional colony count estimates in that only a few hours are required 
to obtain a result, rather than 1 - 3  days. This permits closer control 
of raw materials, processing and plant hygiene.
Most work published to date has reported the use of electrical impedance 
to monitor microbial metabolism. More recently, the Bactoraeter M120 has 
been developed, which (with appropriate computer software) allows the 
collection of both the conductance (G) and capacitance (C) components of 
the Impedance (Z) signal.
The objective of this section of the present work was to compare the two 
electrical signals, G and C, for monitoring organisms in pure culture and 
in two foods, raw lamb and pasteurised dairy cream, and to compare 
estimates obtained using the M120 with conventional colony counts. The
effect of incubation temperature on electrical and colony count estimates 
was also investigated.
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5.2. Materials and Methods
5.2.1. Samples
Pure cultures of the following organisms were used during this study:
Escherichia coli NCTC 9001 
Staphylococcus aureus NCTC 8532 
Citrobacter freundii Food R.A. Isolate 
Proteus vulgaris NCTC 4175
Brochothrix thermosphacta M51, Ulster Curersr Association 
Pseudomonas sp. (non-pigmented) EBT2/167, Food Research Institute 
Serratia maroescens ATCC 4180
The first four organisms were grown at 35°C for 24 h in Brain Heart 
Infusion (BHI) broth (Oxoid) prior to use; the last three were grown in 
BHI at 25°C for 48 h.
Cuts of raw lamb (chump end, chump chop, breast, loin chop and neck) were 
purchased locally. To obtain data points for lamb with higher colony 
counts, some cuts of meat were stored for 24, 48, 72, 96 or 120 h in a 
domestic refrigerator (4° - 8°C) before sampling. Samples (10 g) were 
cut from the surface of the meat in pieces not greater than 1 g. For 
purposes of comparison, in one experiment, four samples of beef were cut 
in the same way.
Cartons of pasteurised single, double, whipping, half and thick dairy 
cream were purchased locally. Some samples were aged as for lamb to 
obtain data points at higher colony counts.
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5.2.2. Media for electrical measurements
For pure cultures and lamb samples, BHI broth was used as the electrical 
detection medium.
Four basal media with various additions were assessed to determine their 
suitability for electrical measurements with cream. The four media 
were: Double Strength Plate Count Broth (DSPCB; LabM tryptone, 10 g/1;
LabM yeast extract, 5 g/1; glucose, 2 g/1), Trypticase Soy Broth (TSB; 
Gibco), BHI broth and Milk Broth (MB; yeast extract, 3 g/1; peptone,
5 g/1; milk solids, 1 g/1). The following additions to the basal media
were tried: 1% m/V agar, 0.1% m/V Tween 80, 1% m/V and 0.3% m/V
additional yeast extract, 0.375% m/V ammonium sulphate, 1% m/V additional 
glucose.
5.2.3. Sample preparation
Pure cultures of micro-organisms were serially decimally diluted in BHI
before use. Lamb samples were stomached in 90 ml BHI for 30 s.
Samples of cream (10 g) were removed aseptically from cartons by pipette, 
and stomached in 90 ml medium for 30 s. When solid media were used in 
the Bactoraeter, no stomaching of sample was done. During attempts to 
improve the reproducibility of detection times from the same horaogenate, 
2% m/V sodium citrate or 0.5% m/V agar was added to the medium, which was 
retained at 45°C to prevent the agar setting. After cream was added and 
stomached, the homogenate was centrifuged at 1800 g for 2 min. Both the 
aqueous and fat phases were sampled separately for colony count and 
electrical measurements.
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5.2.4. Determination of electrical detection times
The Bactoraeter M120 electrical monitoring system was used. The 
instrument is described in detail in Chapter 3. For this study, software 
was used to collect G and C data on most occasions, but in one experiment, 
for purposes of comparison, software was used to recombine the G and C 
signals to produce Z.
Serial decimal dilutions (in BHI) of pure cultures were added to duplicate
8 4 p
Bactometer wells to give inocula of approximately 10 , 10 , 10 and 10
cfu/well. For lamb samples, 20 ml of the meat homogenate was centrifuged
at 2000 g for 10 s, then 1 ml of the supernatant was added to duplicate
wells. On a few occasions, homogenates were further diluted tenfold in
BHI before the wells were filled. For cream samples, when liquid media
were used, 1 ml horaogenate was added to duplicate or quadruplicate wells.
When solid media were used, 0.5 ml of the medium was added to the wells
and allowed to set. Cream (0.1 ml) was then dispensed onto the agar
surface directly from the carton.
5.2.5. Incubation conditions
For colony count estimates, plates were inoculated as described in General 
Materials and Methods. For pure cultures and meat samples, replicate 
plates (Plate Count Agar, Oxoid) were incubated at 37°, 25° and 15°C for 
24 - 72 h. Plates (Milk Agar, Oxoid) from cream samples were incubated 
at 25°C for 48 or 72 h prior to counting of colonies. Pure cultures and 
meat samples were incubated in Bactoraeter modules at 35°, 25° and 15°C, 
the last two temperatures achieved with external incubators. An external 
incubator was also used to incubate cream samples in modules at 25°C.
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5.2.6. Analysis of results
For lamb results, least-squares regression lines and correlation 
coefficients (r) for colony count and detection time data were calculated 
using Calibration software available with the M120. For cream samples, a
hand-held calculator was used for the same purpose. Detection times from
the computer algorithm and those obtained visually from the display screen 
were used for analysis of cream data.
5.3. Results
5.3.1. Electrical measurements for pure cultures of 
food-associated organisms
5.3.1.1. Choice of medium and signal
BHI broth was found to give flat baselines and sharp changes at detection, 
followed by a rapid increase in signal, on the M120. The medium was 
therefore used for pure cultures and for meat homogenates during this 
study.
G and C signals were studied at all three temperatures. Curves for 
Staph, aureus are shown as an example in Fig. 13 for 35°, 25° and 15°C.
At all three temperatures, C was the stronger signal, with a steeper 
acceleration phase and a flatter baseline. This shape of curve is 
necessary for the computer algorithm to determine detection time 
accurately. As the temperature of incubation decreased, the C signal 
remained an acceptable shape but the G signal became progressively 
weaker. C detection times were shorter than those for G at all 
temperatures, particularly the lower ones.
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5.3•1.2. Effect of incubation temperature on the
relationship between detection time and
colony count.
Differences in the relationship between detection time and colony count
were observed for pure cultures incubated at 35°, 25° and 15°C. Of the
seven organisms tested, four (E. coli, Staph, aureus, C. freundii and 
P. vulgaris) were mesophiles, one (S. marcescens) was a psychrotroph (i.e. 
an organism capable of growth at chill temperatures) which could grow at 
temperatures down to 5°C, and two were psychrotrophs capable of growth at 
2°C or below (B. thermosphacta and the non-pigmented Pseudomonas sp.).
The last two psychrotrophs did not form colonies nor produce a detection 
time at 35°C, but did so at 25°C and 15°C. The other five organisms 
produced colonies and capacitance changes at all three temperatures, 
although in the case of E. coli at 15°C a linear rather than an 
exponential change in C was observed and therefore not detected by the 
computer algorithm. Figure 14 demonstrates the changes in the 
relationship between colony count and detection time with temperature for 
these seven organisms. All seven organisms produced very similar 
relationships at 25°C. At 35°C, the four mesophiles behaved in a similar 
way, whereas S. marcescens showed delayed detection times. At 15°C, the 
more psychrotrophic organisms were detected first.
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5.3*2. Electrical measurements for the microbial flora of
raw lamb
5.3.2.1. Choice of medium and signal
For the reasons given for pure cultures, BHI was used as the electrical 
detection medium. Differences between G and C signals were similar to 
those observed for pure cultures. Examples of curves for the same lamb
homogenate at 35°, 25° and 15°C are shown in Fig. 15.
One experiment was done using software to recombine the G and C signals to 
obtain Z. A curve shape with characteristics intermediate between those 
for G and C was produced (Fig. 16). Four beef samples tested showed the 
same signal trends for G, C and Z as demonstrated for lamb (data not 
shown).
5.3.2.2. Conductance and capacitance detection 
times as an estimate of colony count.
The relationship between detection times at 25°C and colony count at 25°C 
is shown in Fig. 17 for G and C data, for the same set of lamb samples.
The graph with C data shows less scatter, shorter detection times and a 
higher correlation coefficient than that with G data.
Figure 17 (C data) also shows the efficacy of the sample preparation.
When horaogenates were diluted tenfold in BHI before addition to Bactoraeter 
wells, and colony counts adjusted accordingly, a line of almost exactly 
the same slope and the same correlation was achieved. This illustrates 
that the simple sample preparation technique removes any interference from 
meat components. Data points for diluted samples are not included in 
Fig. 17.
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The results from the four beef samples tested have also been included in 
Fig. 17 (C data). Although only a few samples were tested, results 
similar to those for lamb were obtained.
5.3.2.3. Effect of incubation temperature on the
relationship between detection time and 
colony count
The effect of temperature on the relationship between C detection time and 
colony count for lamb homogenates is shown in Figs 17 - 20. The 
correlation coefficients for each of these relationships are shown in 
Table 15.
Table 15. Correlation between capacitance detection time and colony 
count of lamb homogenates incubated at three temperatures
Bactoraeter incubation 
temperature (°C)
Colony count incubation 
temperature (°C)
Correlation
coefficient
15 15 -0.95
25 15 -0.92
35 15 -0.90
25 25 -0.89
35 25 -0.84
35 37 -0.70
The best agreement was obtained between detection time and colony count 
when both incubation temperatures were 15°C; however, detection times 
were longer at this temperature. Detection times at 25° and 35°C agreed 
more closely with colony count at 15°C than at the higher temperatures.
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The scatter in the relationships between detection time and colony count 
was greater for lamb homogenates than for any of the pure cultures.
5.3.3* Electrical measurements for the microbial flora of 
pasteurised dairy cream.
5.3»3«1» Choice of medium for optimum 
electrical response
Of the four media tested for use with dairy cream, DSPCB was found to give 
the best signals for single, half and whipping cream, whereas TSB was 
preferable for double cream. The one thick cream sample tested was 
stomached in DSPCB. In general, BHI and MB caused delayed detection 
times and less clear-cut changes between the baseline and the exponential 
phase.
None of the additions to the media which were tested improved the signal 
or the detection time. Solidified media in particular reduced 
acceleration during the phase of the curve where exponential change 
starts, leading to poor detection by the algorithm.
5.3.3*2. Differences between signals.
In general, C signals were a better shape than G signals for detection by 
computer algorithm. Baselines were flatter, and there was a sharper 
change between the baseline and the exponential phase. Examples are 
shown in Fig. 21 for duplicate samples of single cream stomached in DSPCB.
On some occasions, detection times were variable between replicates from 
the same horaogenate. Examples of this are shown in Fig. 22. For the 
first sample, approximately an 8 h difference in detection time between
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four replicates was observed; for the second sample, three of the 
replicates were detected at similar times, but the fourth 24 h later.
It was thought that this might be due to errors when sampling from the 
homogenate, possibly because of uneven distribution of organisms between 
the aqueous and fat phases. Two methods to improve sampling were tried - 
the addition of sodium citrate to the medium, and the addition of 0.5% m/V 
agar followed by centrifugation and sampling from the fat and aqueous 
phases. Neither technique improved the reproducibility of colony counts 
taken from the homogenate. The agar/centrifugation method had a 
detrimental effect on curve quality, as very noisy signals were obtained 
for both C and G.
5*3.3*3» Relationships between detection times and 
colony counts
Using the detection times obtained by the computer algorithm, the 
relationship with colony count showed a great deal of scatter. The 
correlation for C detection times was better than that for G (Fig. 23), 
but both were low. An improvement in correlation was achieved when 
detection times obtained from examination of the curve on the visual 
display screen were used. Similar correlations for both C and G (-0.86 
and -0.87 respectively, Fig. 24) were obtained. However, these
relationships still showed a degree of scatter.
5.4. Discussion
Previous authors using electrical measurements as estimates of colony 
count have used change in impedance to monitor microbial metabolism (e.g. 
Wood, Lach & Jarvis, 1978; Firstenberg-Eden, 1983). The objectives of
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this section of the present study were to compare the components of the 
impedance (Z) signal, conductance (G) and capacitance (C), as a measure of 
bacterial metabolism. This is possible using the Bactometer M120. The 
effect of incubation temperature on the relationship between electrical 
detection time and colony count has also been studied.
For accurate determination of detection time by the M120 computer 
algorithm, it is important to select the medium carefully to ensure a good 
curve shape. Ideally, the curve should have a flat baseline and a steep 
acceleration phase, with a sharp change between the two. For pure 
cultures and lamb homogenates, BHI was found to produce curves of this 
shape, but the choice of medium for pasteurised dairy cream was more 
difficult. No previous authors have studied cream in the Bactometer, 
although several media have been reported for use with milk. These 
include TSB +0.1% yeast extract, Standard Methods Broth and measurements 
of the impedance changes in the milk itself (Cady, Hardy, Martins, Dufour 
& Kraeger, 1978; Wood, Lach & Jarvis, 1978; Martins et al., 1982; Gnan 
and Luedecke, 1982). More recently, the use of a solid medium for
impediraetric determinations in raw milk has been described
(Firstenberg-Eden & Tricarico, 1983)- Modified Plate Count Agar (0.5 ml)
was added to the wells and allowed to set. The milk sample (0.1 ml) was
then deposited on the surface.
During the present study, it was found that the type of cream influenced 
the medium required to produce a good curve shape. Single, half and 
whipping creams produced the best results in DSPCB, whereas for double 
cream, TSB was the best medium. No additions to these media enhanced 
curve quality, and, in contrast to observations with raw milk 
(Firstenberg-Eden & Tricarico, 1983), addition of agar to the medium 
actually had a detrimental effect.
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For pure cultures, raw lamb homogenates and cream samples, the C signal 
was preferable to the G signal in several respects. C produced a better 
curve shape, often showed earlier detection times (Figs. 13 > 15 and 21) 
and was less affected by a decrease in temperature (Figs. 13 and 15). 
Reasons for this are not understood.
Little sample preparation was found to be necessary for lamb 
homogenates. After stomaching in BHI, a brief centrifugation was all
that was necessary to remove large meat particles before the homogenate 
was dispensed into the wells. Large particles may cause disturbance to 
the signal as they settle out round the electrodes. The adequacy of the 
sample preparation is demonstrated in Fig. 17, where further dilution of 
the sample tenfold in BHI caused the expected increase in detection 
time. Centrifugation is only one possible approach to this problem; a 
coarse filtration, e.g. through sterile muslin or a tea-strainer 
(Firstenberg-Eden, 1983) would serve equally well. With cream, a problem 
encountered was the variability in detection times between replicates from 
the same cream homogenate. In sane cases, several hoursT difference was 
observed (Fig. 22). Attempts to improve the reproducibility of sampling 
by incorporating a sample preparation were unsuccessful. Variability 
between replicates might be due to differences in the distribution of the 
numbers or types of organisms between samples, particularly of the genus 
Bacillus, whose spores might not germinate simultaneously.
In comparisons between M120 detection times and colony counts for lamb 
samples, C data showed less scatter, shorter detection times and a higher 
correlation than did G data (Fig. 17). The results from the few beef 
samples analysed indicate that a similar relationship might be obtained.
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Previous authors (e.g. Wood, Lach & Jarvis, 1978; Bell, 1983; 
Firstenberg-Eden, 1983) have all studied beef. Lamb is a more fatty meat 
and a slightly different spoilage flora may occur, e.g. B. thermosphacta 
is very common (Newton, Harrison & Smith, 1977). Despite this, detection 
time and colony count relationships appear similar for the two types of 
meat.
In comparisons between algorithm detection times and colony counts for 
cream, it was found that C data correlated more closely than G data with 
colony count (r = -0.76 and -0.70 respectively, Fig. 23), but there was a 
considerable degree of scatter for both. Sane scatter was due to 
inaccurate determination of detection time by the computer algorithm.
The correlation coefficient, particularly for G data, could be improved 
considerably by taking detection times from the curves observed on the 
visual display screen. When this was done, correlations for C and G data 
against colony count (r -0.86 and -0.87 respectively, Fig. 24) were almost 
identical. Either signal might therefore be used for cream, but C might 
be more amenable to refinements since it has the better curve shape. 
Alternatively, a different computer detection algorithm might be used.
Despite the improvements in correlation, values for r were not as high as 
those for lamb reported here, nor as for another dairy product, raw milk 
(Firstenberg-Eden & Tricarico, 1983)* This might be due to the changes 
in flora which occur after pasteurisation. Heat-treated dairy products 
are likely to contain a greater proportion of spore-forming bacteria (e.g. 
Bacillus spp.) than is raw milk (Olson & Mocquot, 1980). The time taken 
for spores to germinate may differ (Gould, Jones & Wrighton, 1968). This 
may account for the scatter between samples, which might be improved by
123
the addition of specific germinants (e.g. L-alanine) to the well.
Another reason for the scatter might be the unreliability of the colony 
count in dairy products, due to aggregation of the contaminating 
micro-organisms (Law et al., 1979)*
The temperature-dependence of relationships between C detection time 
and colony count was investigated. Two of the psychrotrophs,
B. thermosphacta and a non-pigmented Pseudomonas sp., produced neither a 
detection time nor colonies at 35°C. However, the more raesophilic 
psychrotroph, S. marcescens, produced colonies at 35°C but detection times 
were delayed (Fig. 14) in comparison with the mesophiles. Detection 
times at 25°C were similar for all organisms; at 15°C the psychrotrophs 
detected first.
Relationships between C detection time and colony count for lamb samples 
were dependent upon the temperatures of incubation. The highest 
correlation (r = -0.95) was achieved when both incubation temperatures 
were 15°C (Fig. 20). An interesting point was that better relationships 
were obtained between detection times at the higher temperatures (25° and 
35°C) and colony count at 15°C than when colony counts were done at the 
higher temperatures (Table 15). It may be that the psychrotrophic lamb 
spoilage flora was able to metabolise at 35°C and thus produce changes in 
the C signal, but not to divide and form a colony on a solid agar surface 
at this temperature. The pure culture results, however, do not support 
this theory, although direct comparisons between pure cultures and the 
mixed spoilage flora developing on lamb are not possible. There may be 
four reasons for the discrepancy between pure culture results and lamb 
results observed during this study:
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1) The proportion of mesophiles in the spoilage flora was constant.
This would seem unlikely since some samples were aged at chill 
temperature.
2) In a mixed population in a Bactometer well, the mesophiles might 
perform the preliminary breakdown of high molecular weight 
compounds which the psychrotrophs could then utilise further. 
However, in BHI there should be a plentiful supply of easily 
utilised compounds.
3) The contribution of the psychrotrophic flora to change in C signal
might have an additive effect at 35°C which is not apparent from 
the pure culture work.
4) The variability of both types of estimate, but particularly colony
count, might have been greater at 35°C. Colony counts of lamb 
were certainly reduced at this temperature.
In conclusion, it may be deduced that the C component of impedance is 
better than the G component for monitoring the metabolism of pure cultures 
of bacteria, raw lamb and pasteurised dairy cream in the media used . 
here. For lamb samples, C detection times at elevated temperatures may 
be used to estimate psychrotrophic colony count. For cream, despite the 
relatively low correlations, the technique might be of use in the broad 
classification of cream as "acceptable” or "unacceptable" in terms of 
microbiological quality. The advantage of this type of electrical 
measuring technique is its rapidity - a cream or lamb sample containing
5
greater than 10 cfu/ml or cfu/g could be detected in under 10 h in 
comparison with the 48 h required for the conventional colony count* 
technique.
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5.5. Summary
A Bactometer M120 was used to monitor microbial metabolism in pure 
cultures, raw lamb and pasteurised dairy cream. The conductance and 
capacitance components of the electrical signal were obtained.
Capacitance was the better signal throughout, with more suitable curve 
shapes for algorithm detection, shorter detection times, and, in the case 
of pure cultures and lamb homogenates, it was less affected by decreasing 
temperature. Detection times were compared with colony count data. For 
lamb, the highest correlation was achieved when both incubation 
temperatures were 15°C. Detection times at the higher temperatures (35° 
and 25°C) compared more favourably with colony counts at 15°C than with 
those at the higher temperatures. Attempts to explain these observations 
in terras of the behaviour of pure cultures were inconclusive. For cream 
samples, better correlations between detection time and colony count were 
achieved when detection times were determined from observing the entire 
curve than when the computer algorithm time was used.
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PART II
CHAPTER 6
THE DETECTION OF SALMONELLAE BY ELECTRICAL TECHNIQUES
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6. THE DETECTION OF SALMONELLAE BY ELECTRICAL TECHNIQUES
6.1. Introduction
Rapid methods, e.g. impedance measurement, DEFT (Direct Epifluorescence 
Filter Technique) and ATP assay, have been reported to provide good 
estimates of total colony count (Pettipher et al., 1980; Bossuyt, 1981; 
Firstenberg-Eden, 1983). However, in quality control laboratories, a 
variety of other microbiological tests may be performed on each sample, 
e.g. for moulds, yeasts, salmonellae or coliforms. In general, results 
from this type of test are obtained later than those for total colony 
count. If a product cannot be released until all tests are completed, 
the advantages of rapid techniques for total colony count may be reduced 
or lost.
One of the most time-consuming microbiological tests, in terms of elapsed 
time and labour, is the detection of salmonellae. A result may not be 
obtained for 4 - 7  days. There has been considerable interest in more 
rapid and less subjective methods for the detection of salmonellae in 
foods, e.g. the Fluorescent Antibody technique (e.g. Georgala, Boothroyd & 
Hayes, 1965), the Enrichment Serology technique (e.g. Fantasia, Sperber & 
Deibel, 1969) and enzyme immunoassays (e.g. Swaminathan & Ayres, 1980). 
However, none of these methods have achieved broad acceptance within the 
food industry.
Stewart, Eyles & Murrell (1980) have described a radiometric technique for
the detection of salmonellae in foods. The method is based on the 
14 14production of CO2 from C-dulcitol by salmonellae, and the prevention 
of this reaction by poly-H agglutinating serum. This technique obviated 
the necessity for solid selective media and biochemical tests, thus
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reducing the time required to obtain a result by 2 - 3 days. A 91^ 
agreement with the traditional cultural method was obtained.
In the food industry, electrical measuring techniques are likely to be 
more popular than those involving radioisotopes. Impedance measurements 
are well established for the estimation of total colony count in foods 
(Hardy et al., 1977; Wood, Lach & Jarvis, 1978; Bell, 1983; 
Firstenberg-Eden, 1983) and have been studied to a small extent for 
specific groups, e.g. coliforms (Firstenberg-Eden & Klein, 1983) and 
moulds (Williams & Wood, 1982; Wood & Gibbs, 1982). A similar technique 
to that described by Stewart, Eyles & Murrell (1980) might be applicable 
for salmonellae.
The objective of this section of the work was to investigate the detection 
of salmonellae by electrical measuring techniques.
6.2. Materials and Methods
6.2.1. Organisms
Species of Salmonella, Enterobacteriaceae and other food-associated 
organisms used during this study are listed in General Materials and 
Methods (Table 2). Organisms were grown prior to use in PDM + D (see 
below) for 24 h at 37° or 30°C (in the case of pseudomonads). The
■p
culture was diluted in PDM + D to give an inoculum of approximately 10 
organisms/well.
6.2.2. Media for electrical tests
The medium used to detect dulcitol fermentation was a protein digest 
medium, with dulcitol as the sole carbohydrate source, of the following 
formulation:
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Peptone 140 (pancreatic digest of casein, BBL), 17.0 g/1 
Peptone 110 (papaic digest of soy protein, BBL), 3.0 g/1 
Sodium chloride, 5.0 g/1
Potassium phosphate, dibasic (K^HPC^), 2.5 g/1 
Dulcitol, 5.0 g/1
This medium, PDM + D, was found to give the best response. Other media 
tried were "If' broth (Sperber & Deibel, 1969) and tf> peptone water + 0.555 
dulcitol (Stewart, Eyles & Murrell, 1980). For some tests, additions 
were made to the medium described above. To solidify the medium on some 
occasions, 1.2% agar was added.
Bacteriophage 0-1 was supplied by Central Public Health Laboratories, 
Colindale. Propagation to a level of 10^ plaque-forming units (pfu)/ml 
was carried out on Salmonella schwartzengrund NCTC 6756, using the soft 
agar overlay method (Welkos, Schreiber & Baer, 197*0 but harvesting the 
phage crop in PDM + D. Phage lysates were filter-sterilised (0.4 pm 
filter, Millipore) and stored at 4°C.
Several antisera were used during this study. Salmonella polyvalent-H 
phase I and phase II, Salmonella polyvalent-O, Escherichia coli monovalent 
somatic antiserum 0159 and Clostridium oedematiens type A antisera were 
supplied by Wellcane Reagents Ltd. Salmonella poly-H antiserum was 
preserved with thiomersal, which could be removed by overnight dialysis of 
the serum against 1 litre of 0.1M phosphate buffer, pH 7*0, at 4°C. For 
some experiments, pooled Spicer-Edwards poly-H antiserum (Difco) was used, 
prepared as described by Boothroyd & Baird-Parker (1973). After dialysis 
against 0.05M phosphate buffer, pH 6.0, the serum was purified on a 
Protein A-sepharose gel (CL-4B, Sigma) column. The gel (500 mg) was
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packed into a column of diameter 1.5 cm and depth 0.5 cm, then washed and 
equilibrated with 0.1M phosphate buffer, pH 7-0 (~ 500 ml, degassed) 
overnight by continuous flow using a peristaltic pump (flow rate 0.4 
ml/rain). Excess buffer was removed from the column. Antiserum (0.1 ml) 
was then applied to the column, drained into the bed and allowed to stand 
at room temperature for 30 min to enable the pseudo-immunoreaction to 
proceed. Excess proteins were eluted with 12 ml 0.1M phosphate buffer, 
pH 7.0. The bound IgG was then eluted using 12 ml 0.1M glycine buffer, 
pH 3»0 (pH adjusted with 0.2M HC1). Approximately 10 ml was collected 
and then concentrated by overnight dialysis against 20$ polyethylene- 
glycol. The concentrated IgG was made up to 1 ml with 0.1M phosphate 
buffer, pH 7.0. To remove non-specific 0 antibodies, the IgG was 
incubated overnight at 4°C with a formolised culture of Citrobaoter 
freundii, with constant mixing. The cells were removed from the 
preparation by centrifugation at 2000 g for 15 min. The preparation was 
checked for its agglutinating properties by a slide agglutination 
technique.
Lysine decarboxylation was tested impediraetrically in Lysine Iron Broth 
(LIB) of the following formation:
Bacto-peptone, 5 g/1 
Yeast extract, 3 g/1 
Dextrose, 1 g/1 
Bromo-cresol purple, 0.02 g/1 
L-lysine, 10 g/1
Ferric ammonium citrate, 0.5 g/1 
Sodium thiosulphate, 0.04 g/1
and adjusted to pH 6.7 before autoclaving at 121°C for 15 min.
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6.2.3* Electrical measurements
The Bactometer Models B32 and M120 were used for this study, as described 
in General Materials and Methods (Chapter 3)• For dulcitol fermentation, 
phage and antiserum tests, wells were filled as shown in Table 16. An 
incubation temperature of 37°C was used.
Table 16. Well contents for the electrical detection 
of salmonellae
Sample or 
culture
Antiserum Phage 0-1 PDM + D
Control well (B32 only) - - - 1.0 ml
Test wells (no phage or 
antiserum) 0.1 ml 0.9 ml
Test wells (with phage) 0.1 ml - 0.1 ml 0.8 ml
Test wells (with antiserum) 0.1 ml 20 |il - 0.88 ml
For the lysine decarboxylase test, 0.1 ml of sample or culture was added 
to 0.9 ml LIB.
6.2.4. Hydrogen sulphide production
Hydrogen sulphide production was detected with lead acetate-impregnated 
filter paper, which was affixed to the lid of the module. A blackening 
of the paper indicated that H^S was produced.
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6.2.5. Manometry
A Warburg manometer and the constant volume method were employed, using 
standard manometric techniques (Umbreit, Burris & Stauffer, 1957). 
Duplicate flasks (21 - 23 ml) were inoculated with 5 ml culture 
(S. virchow in PDM + D). One of the flasks contained a filter paper wick 
impregnated with potassium hydroxide in the centre well to absorb carbon 
dioxide (CO^). C02 production and oxygen (02) uptake (in units of mra
manometer fluid) were calculated.
6.2.6. Detection of salmonellae in food samples
6.2.6.1. Artificially contaminated fresh 
chicken and sausage
Samples (10 g) of fresh chicken or British-style fresh sausage were 
inoculated with 0.1 ml of an overnight culture of organisms grown in 
Tryptic Soy Broth (Gibco). The food was then stomached in 90 ml 
4-strength Ringer solution + 0.1$ bacteriological peptone (Chapter 3).
Two portions (10 ml each) of the homogenate were removed; one was 
subjected to the traditional cultural technique and the other to the 
impedance method.
For the cultural method, the chicken or sausage sample was added to 90 ml 
selenite broth (Oxoid, CM395) as the enrichment medium, and incubated at 
37°C for 24 h. A loopful was then streaked on to each of two selective 
diagnostic solid media - XLD (Xylose Lysine Desoxycholate) Agar (Difco) 
and BSA (Bismuth Sulphite Agar, Difco). The plates were incubated at 
37°C for 24 h. Suspect colonies were confirmed as Salmonella spp. by 
biochemical tests using API 10S strips (API Laboratory Products Ltd, 
Hants.) and slide agglutination using poly-H and poly-0 antisera (Wellcome
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Reagents Ltd) after incubation on wet Nutrient Agar (Oxoid) slopes for 
24 h. The total elapsed time to obtain a result by this method was four 
days.
For the Bactometer method, the sample was enriched in 90 ml selenite broth 
+ 0 . 5 %  dulcitol for 24 h at 37°C. Samples (0.1 ml) were used to 
inoculate wells as previously described. Modules were incubated in the 
B32 overnight at 37°C. A signal from wells with bacteriophage in PDM + D 
was compared with one from wells with no phage. The elapsed time for
this method was 48 h.
6.2.6.2. Naturally contaminated dried pasta
Dried pasta (20 g) was pre-enriched at 37°C for 24 h in 180 ml buffered 
peptone water (BPW) before being subjected to the cultural method. A 
further 20 g was pre-enriched in BPW +0.5% dulcitol prior to selective 
enrichment and the impedance method of detection as described above.
6.3. Results
6.3.1. Dulcitol fermentation
Neither \% peptone water + 0.5/6 dulcitol (Stewart, Eyles & Murrell, 1980) 
nor "M" broth (Sperber & Deibel, 1969) produced a consistent or 
characteristic signal on the Bactometer trace with salmonellae. However, 
PDM + D gave a good impediraetric response on the B32, where dulcitol 
fermentation was evident as a characteristic "broken" signal (Fig. 25). 
When dulcitol was not present in the medium, no such signal was 
observed. On the M120 a break-up of the signal was also observed 
(Fig. 26). In comparison dulcitol-negative organisms produced smooth
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curves, similar to those in Figs. 13 & 15 (Chapter 5). Since the M120 
plotter shows the whole curve, it was possible to see that the impedance 
was still decreasing during this phase (this is shown as an increase on 
the M120 plotter). When software was used with the M120 to obtain 
capacitance and conductance signals separately, the conductance component 
of the signal showed a greater degree of "break-up”. Of the 23 species 
of Salmonella tested, 17 showed signal "break up" after 6 - 8 h. The 
four negative Salmonella spp. were: S. arizona, S. pullorum,
S. gallinarum and Pasta Isolate D. S. hadar produced variable results 
and S. enteritidis only produced a "broken" signal after 36 - 39 h. None 
of the non-salmonellae tested produced a "broken" signal, except for 
Enterobacter cloacae on some occasions. This organism lost its "broken" 
signal-producing ability at 43.1°C. In an attempt to encourage "broken" 
signal production in negative or variable salraonellae, carbonic anhydrase 
(Sigma) was added to wells containing these organisms. Carbonic 
anhydrase catalyses the reaction:
co2 + h2o 5= ^  h2co3
and therefore may have encouraged the formation of C02 from carbonic 
acid. However, no improvement in "broken" signal production was noted.
Using two techniques, "broken" signal formation was found to result from 
gas production. Firstly, the electrodes were sealed with PDM + D with 
added agar (0.5 ml) and inoculum was layered on top (0.5 ml). During 
incubation in the Bactometer, the inoculum seeped under the agar, where 
gas produced by the organism was trapped by the agar plug. Plate 4 shows 
wells containing a dulcitol-negative and a dulcitol-positive organism 
after incubation. The bubbles of gas produced by the dulcitol-positive 
organism can be seen clearly, whereas the other organism has produced none.
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Secondly, manometric studies showed that "broken" signal formation 
occurred at the onset of a period of rapid CO2 production (Fig. 27). It
should be noted that since these experiments were done under aerobic 
conditions, direct comparisons with the Bactometer well (where the 0^ 
supply was limited) are not possible. The "broken" signal was also 
observed when pure cultures of salmonellae were subjected to a 24 h 
enrichment in selenite broth + 0.5/6 dulcitol at 37°C prior to growth in
the Bactometer in PEW + D. Other organisms, including Enterobacter 
cloacae, did not produce a "broken" signal after this treatment. 
Salmonellae also produced a "broken" signal when grown in the Bactometer 
together with other organisms in PEW + D.
6.3.2. Effect of Bacteriophage 0-1
Addition of this phage caused one or more modifications to the 
impedimetric signal of salmonellae:
1) an extended lag period before a change in impedance signal
(although when impedance change starts it may be as rapid as 
in the control);
2) a decrease in the rate of change, or no impedance change at
all, during the first (non-broken) phase;
3) a delay before the appearance of the broken signal;
4) a partial or total inhibition of the degree of "break-up" of
the signal.
These alterations are represented diagranmatically in Fig. 28. The most 
common effect was an extended lag period. Other, non-Salmonella 
organisms tested were unaffected by phage 0-1. The effects of phage were 
still noted when salmonellae were mixed with other organisms before
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inoculation into the Bactometer. Bacteriophage effects could also be
seen on the M120, as shown in Fig. 29.
Not all salmonellae were affected by phage, but most mixed cultures could 
be correctly classified as positive or negative for salmonellae by either 
the production of a broken signal with dulcitol or the alteration of the 
impedimetric signal with phage, or both.
6.3»3« Use of a double test (dulcitol fermentation and 
effect of phage) to detect salmonellae in foods
Since salmonellae could be detected impedimetrically in most mixtures with 
other organisms in culture, artificially contaminated foods were tested.
A double impedimetric test, for dulcitol fermentation and effect of 
bacteriophage, was compared with the traditional cultural technique.
This was intended only as a preliminary investigation to determine whether 
the technique needed further development, so one enrichment broth only was
used. The results are shown in Table 17 for 40 samples of fresh chicken
and sausage artificially contaminated with salmonellae or other 
organisms. A sample was considered presumptive positive for salmonellae 
in the Bactometer if there was either a broken signal or an effect of 
phage on the trace.
Slightly fewer samples (7.5/6, or three samples) were correctly classified 
by the impedance system than by the cultural technique. The latter 
method also classified more samples as positive when no salmonellae had 
been added. The impedance technique was more likely to fail to detect 
samples contaminated with salmonellae; in this case the serotypes 
involved were S. panama, S. enteritidis, S. arizona, S. pullorum,
S. gallinarum, S. typhimurium NCTC 74 and S. hadar. Serotypes not
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detected by the conventional technique were S. typhimurium NCTC 74,
S» virchow and S. gallinarum.
Table 17. Detection of salmonellae in artificially contaminated fresh 
chicken and sausage by impedimetric and cultural techniques
Impedance
method
Cultural
method
Correctly classified as contaminated 
with salmonellae or non-salmonellae 70$ 77.5%
Positive for salmonellae but contaminated 
only with non-salmonellae (false +ve) 2.5% 12.5/5
Negative for salmonellae but contaminated 
only with salmonellae (false -ve) 27.5% 10$
When five samples of naturally contaminated dry pasta were tested using
the two techniques, 100$ agreement was obtained (Table 18).
Table 18. Comparison between the impedance and cultural techniques
for detection of salmonellae in naturally contaminated pasta
Pasta sample Impedance method Cultural method
Egg vermicelli + +
Pasta shells + +
Pasta twists - -
Thin tagliatelle + +
Thick tagliatelle + +
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6.3.4. Effect of antiserum
Neither the Wellcome poly-H nor the poly-0 antisera caused specific or 
potentially diagnostic effects on signals produced by salmonellae in the 
Bactometer. Delays in detection time and reduction in the degree of 
broken signal were both observed in the presence of antisera. The 
clostridial and E. coli antisera also affected the signal. However, when 
organisms other than salmonellae were tested, delays in detection time 
were also noted. It was clear that there was some substance, probably 
non-specific antibodies, present in the antisera which interfered with the 
metabolism of all organisms tested, thus altering the impedance traces.
A purification procedure therefore was adopted to remove interfering
substances from antiserum. Pooled Spicer-Edwards H-antisera were used
for this stage of the work, as they are high-titre and high-specificity
preparations. Further purification and removal of non-specific
antibodies were carried out as described in Materials and Methods. This
preparation still agglutinated salmonellae in a slide agglutination test,
but did not agglutinate C. freundii. However, no effect on metabolism
was observed in the Bactometer (Fig. 30) when organisms, purified
antiserum and medium were added to wells simultaneously. A slight
decrease in gas production was observed (Fig. 31) when the antigenic
reaction was allowed to proceed for 30 min at 37°C before addition of
PDM + D and incubation in the Bactometer; however, a high inoculum level
7 8was necessary before this effect was visible (~ 10 - 10 cfu/well). The 
addition of complement (Wellcome) to the well did not improve the effect.
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6.3.5. Other biochemical tests
Since dulcitol fermentation and bacteriophage effects used as a double 
test did not detect all salmonellae, and antiserura did not seem to be 
useful, further biochemical tests were investigated as aids to the 
impedimetric detection of salmonellae. From tables of biochemical 
reactions (e.g. Edwards & Ewing, 1972), lysine decarboxylation and 
hydrogen sulphide production seemed to have the most potential.
6.3.5.1. Development of a lysine test
Several media were screened as a basis for a lysine decarboxylation 
test. The most promising seemed to be Lysine Iron Broth. In pure 
cultures, a characteristic double-peaked curve was seen for 
lysine-positive cultures, as shown in Fig. 32.
6.3.5.2. Detection of hydrogen sulphide
Hydrogen sulphide production could be detected, although not 
impedimetrically, by inserting a lead acetate strip under the lid of the 
module during sealing. Hydrogen sulphide-positive organisms produced a 
blackening of the strip when growing in PDM + D or Lysine Iron Broth.
6.4. Discussion
The objective of this part of the study was to develop an electrical 
measuring technique for the detection of salmonellae in foods. Although 
the work was not completed, the potential for such a technique is 
demonstrated.
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Since salmonellae are food-poisoning organisms, it is important that they 
are not overlooked during microbiological testing. The traditional 
cultural technique has been developed over many years and there are many 
media and refinements available for all types of applications.
Therefore, it seems unrealistic to expect that a novel technique would 
detect salmonellae as efficiently as the cultural method. However, there 
are examples in the literature of novel methods, e.g. the Fluorescent 
Antibody technique, producing a positive result for salmonellae more 
frequently than the cultural method (Georgala, Boothroyd & Hayes, 1965; 
Fantasia, 1969). Seme authors have shown that, on further testing, the 
Fluorescent Antibody technique has been shown to be correct (Gibbs, 
Patterson & Murray, 1972). This demonstrates that the cultural technique 
is fallible, probably because of the subjectivity involved when selecting 
colonies for further testing. An electrical measuring method might prove 
useful as it would be more objective, with the additional advantages of 
reduction in operator time and a reduction in the time required to obtain 
a result.
No single test would be capable of differentiating salmonellae from other 
Enterobacteriaceae, since they are so closely related. In order to be 
sure that salmonellae are present, a range of tests would be necessary.
In foods, it is unlikely that salmonellae would be the only component of 
the flora. Tests where salmonellae would give a negative result (e.g. 
lactose fermentation) therefore were not considered, since a positive 
result would not necessarily preclude the presence of salmonellae. Only 
tests where salmonellae would be expected to give a positive result were 
considered.
From tables of metabolic reactions (e.g. Edwards & Ewing, 1972), dulcitol 
fermentation was considered to be a good choice for an electrical test
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since it is fermented by at least 85^ of salmonellae but not by the 
majority of other Enterobacteriaceae. From Bergey’s Manual of 
Determinative Bacteriology (197*0, dulcitol fermentation in other 
food-associated organisms seems to be unusual. Dulcitol (or galactitol) 
is a reduced form of D-galactose. The two carbohydrates have the 
following formulae:
D-galactose Dulcitol
CHO CH20H
H— OH H* ■OH
HO— H HO H
HO— H HO— H
H— OH H--OH
ch2oh ch2oh
No information seems to be available in the literature, but it is likely
f
that dulcitol is metabolised by first converting it by oxidation to 
D-galactose, which is then used to form glucose-6-phosphate, via 
glucose-1-phosphate. Glucose-6-phosphate may be metabolised further,
using the Embden-Meyerhof-Parnas pathway, to form pyruvate which may then 
be fermented to produce acids and gas (C02 and hydrogen). Organisms 
unable to ferment dulcitol are probably not able to convert it initially 
to D-galactose.
Dulcitol fermentation was used by Stewart, Eyles & Murrell (1980) as a 
basis for their radiometric method for salmonellae. During the present 
study, dulcitol fermentation was easily distinguised on both models of 
Bactometer by irregularities in the signal (Figs. 25 & 26). Dulcitol was 
necessary for the formation of this signal and it was proved to be due to 
gas production. It is probable that the signal "break-up11 was due to 
bubbles of gas forming on the electrodes and then being released, and so 
interfering with the passage of current across the well. Since the
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signal was still produced in the presence of other organisms, it showed 
potential as a diagnostic test. S. gallinarum produced no "broken" 
signal although it is listed as a dulcitol fermenter (Edwards & Ewing, 
1972); it is possible that gas is produced too slowly to give rise to 
bubbles but diffuses directly through the medium into the atmosphere.
In order to detect those salmonellae which did not ferment dulcitol, use 
of Bacteriophage 0-1 was tried as a secondary test. Stewart, Eyles & 
Murrell (1980) attempted to incorporate this bacteriophage into their 
radiometric technique. They found that it produced an effect in pure 
cultures but not in foods, due to the non-specific adsorption of the phage 
to food particles. During the present study, the phage proved more 
useful as slight effects could be noted. This may be because with an 
electrical technique the sample is monitored constantly rather than on 
only three occasions, as was the case during Stewart, Eyles & Murrell’s 
(1980) work. The commonest effect of Bacteriophage 0-1 shown here was an 
increase in lag time (Fig. 28). The increase was variable since not all 
salmonellae allow the propagation of phage 0-1, and a high multiplicity of 
infection is required to cause lysis (Kallings, 1967). Not all 
salmonellae were affected by the bacteriophage, but in the Bactometer, 
most salmonellae (in pure and mixed culture) could be detected by either 
dulcitol fermentation or effect of phage or both. The number of samples 
detected by phage might be improved by the addition of phage to the 
preparation, which has been shown to be highly active against salmonellae 
of groups E1 - E|| (Gudel & Fey, 1981).
A preliminary survey for artificially contaminated chicken and sausage was 
undertaken, using dulcitol fermentation and/or effect of Bacteriophage 0-1 
as the criteria for a Salmonella-positive sample. However, an
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unacceptably high number of false negatives (where salmonellae were added 
to the food but not detected on the Bactometer) were obtained 
(Table 17). Sane false-negatives were obtained with the cultural 
technique, possibly as a result of the use of only one enrichment broth, 
but not as many as with the electrical method. In contrast, when dried 
pasta samples were tested using the same technique, the results were 
identical with those from the cultural method (Table 18). The total 
number of Enterobacteriaceae in the pasta samples was very low. A major 
factor in the success of the electrical technique with pasta samples may 
be the lack of competition from other organisms, which may outgrow the 
salmonellae, or adsorb the bacteriophage non-specifically. Therefore it 
was necessary to consider further tests in order to detect salmonellae 
more efficiently in samples with a large number of competing organisms.
For their radiometric technique, Stewart, Eyles & Murrell (1980) used 
inhibition of CO^ production from dulcitol by poly-H antiserum as a 
criterion for the presence of salmonellae. Antiserum is used in the 
cultural technique, but only in the final stages to confirm biochemical 
identification. During this study, similar problems were experienced to 
those encountered by earlier workers with the Fluorescent Antibody and 
Enrichment Serology techniques - those of non-specificity of Sal monella 
antisera. When the antiserura was thoroughly purified, it was still 
capable of causing agglutination of salmonellae but no effects were 
noticed in the Bactometer unless a very high inoculum, and pre-incubation 
with the antiserura, were used (Fig. 31). Even then, the sole effect was 
a reduction in the degree of signal "break up", which would not be useful 
in the detection.of dulcitol-negative organisms. Antiserum is used 
traditionally for a visible effect, i.e. agglutination, rather than a 
metabolic effect; however, it was thought that restricting movement of
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the flagella might inhibit transport or the ATP pump, thus reducing total 
metabolism and the electrical signal. This was found not to be the 
case. Poly-0 antiserum produced this type of effect, although not 
specifically on salmonellae. Complement was added in an attempt to lyse 
the cells in the presence of poly-H antiserum, and thus produce an effect 
similar to that of bacteriophage, but it was unsuccessful.
Further tests to detect salmonellae electrically were biochemical ones. 
Lysine decarboxylation and hydrogen sulphide production were studied.
The detection method for hydrogen sulphide described here was not 
electrical, but had the virtues of simplicity and of not using extra wells 
(since Bactometer modules are expensive). Sane preliminary experiments 
were done towards the development of a lysine decarboxylase test. Lysine 
Iron Broth showed potential for producing a characteristic signal in 
lysine decarboxylase-positive organisms (Fig. 32).
In conclusion, an electrical test for the detection of salmonellae has 
been shown to be feasible. A series of tests is necessary, for each of 
which salmonellae can produce positive results. To reduce interference 
from other organisms in foods, it may be necessary to incorporate 
inhibitors into the media used, or to develop separation techniques to 
increase the ratio of salmonellae to non-salmonellae. An electrical test 
for salmonellae will probably be of use in screening out negative samples, 
so that fewer samples need undergo lengthy procedures for confirmation of 
the presence of salmonellae.
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6.5. Summary
The potential for the development of an electrical technique for the 
detection of salraonellae was studied. The following tests were 
investigated: dulcitol fermentation, effect of Bacteriophage 0-1, effect
of antiserura, lysine utilisation and hydrogen sulphide production.
Dulcitol fermentation was evident from the production of a characteristic 
"broken” signal on the Bactometer. Bacteriophage 0-1 caused a variety of 
effects on salmonellae, usually an increase in lag time. A double test 
using these two criteria produced an unacceptably high number of false 
negative results for artificially contaminated foods. Further tests to 
increase the likelihood of detecting salraonellae therefore were 
investigated. The use of salmonella-specific antisera proved unsuitable 
for use in the Bactometer. Hydrogen sulphide could be detected using 
lead acetate paper above the wells. Preliminary experiments with Lysine 
Iron Broth showed that a characteristic double-peaked signal was produced 
with lysine decarboxylase-positive organisms.
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PART II
CHAPTER 7
USE OF CONVENTIONAL AND RAPID MICROBIOLOGICAL TECHNIQUES 
TO DETERMINE THE RELATIONSHIP BETWEEN 
TEMPERATURE AND BACTERIAL GROWTH RATE
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7. USE OF CONVENTIONAL AND RAPID MICROBIOLOGICAL TECHNIQUES TO 
DETERMINE THE RELATIONSHIP BETWEEN TEMPERATURE AND BACTERIAL 
GROWTH RATE
7*1* Introduction
A knowledge of the relationship between temperature and growth rate is 
important in the prediction of likely levels of organisms in a food after 
storage for a known time at a specific temperature. Two relationships 
have been used in the literature to attempt to relate these parameters. 
The first, the Arrhenius equation (k = Ae-^ ^ ) , has been used by several 
authors (e.g. Ingraham, 1958; Hanus & Morita, 1968; Mohr & Krawiec,
1980; Reichardt & Morita, 1982). However, there is dispute as to 
whether a straight line is obtained at sub-optimal temperatures and 
whether the temperature characteristic, p., is related to the temperature 
ranges of growth for an organism. More recently, Ratkowsky et al. (1982) 
have described an alternative relationship, the Square Root plot 
( ' / r  = b(T - Tq)), to link temperature and growth rate but no other 
authors have so far confirmed its relevance. Most authors have used 
absorbance measurements on pure cultures for this type of study.
The objectives of this section of the thesis were:
1) To establish which, if either, of the above relationships is true 
for the growth of pure cultures of psychrotrophic food spoilage 
bacteria, monitored by colony count.
2) To determine whether rapid microbiological methods could be used as 
alternatives to the colony count in this type of study.
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7.2. Materials and Methods
7*2.1. Organisms
The organisms used during this section of the work were:
Citrobacter freundii VR 73 
Alcaligenes viscosus NCTC 3233 
Alteromonas putrefaciens EBF 44/148 
Serratia marcescens ATCC 4180 
Pseudomonas sp. (non-pigmented) EBT 2/167 
Pseudomonas sp. (pigmented) MJT/F4/14(2)
Moraxella sp. NCIB 10763 
Acinetobacter sp. MJT/F5/122 
Brochothrix thermosphacta M51 
Further information about these organisms is given in Table 2 (General 
Materials and Methods, Chapter 3).
7.2.2. Media
Organisms were grown in All-purpose Tween (ATP) broth (Difco) for liquid 
culture and on APT with the addition of 1.5/6 m/V agar (Oxoid) for 
enumeration. This medium was chosen to permit growth of even the most 
fastidious bacterial isolates.
7.2.3. Inoculation of cultures
Organisms to be used were grown at 15°C for 48 h in APT broth. For pure 
culture work, the organism was added to 1 litre of APT broth to give a 
final concentration in the mother culture of approximately 5 x 10^  colony 
forming units (cfu)/ml. Similar levels of two species were added for 
mixed culture work. The mother culture was shaken thoroughly to ensure
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that the organisms were well dispersed and then dispensed aseptically in 
20-ral quantities into sterile 100-ml sample pots (Medfor Products, 
Hampshire).
7.2.4. Incubation conditions
Eight sample pots, with the lids tightly screwed on, were incubated at 
each of the following temperatures: 2°, 4°, 6°, 8°, 12° and 15°C. On 
some occasions, the incubation temperature was cycled at 15°C for 8 h and 
4°C for 16 h every 24 h.
7.2.5. Sampling and estimation procedures
The original inoculum was estimated from the mother culture. One sample 
pot was used on each subsequent sampling occasion, after thorough mixing 
to ensure dispersion. Samples were estimated at different stages of the 
growth cycle. Colony counts were performed as described in General 
Materials and Methods (Chapter 3), plates being incubated at 15°C until 
colonies were visible ( 2 - 7  days, depending on the organism and 
temperature of incubation in broth). For mixed cultures, the total 
number of colonies and the number of colonies for each component of the 
flora were counted.
In some experiments, samples were assayed for bacterial ATP and electrical 
detection time. For ATP measurements, cells were collected on a membrane 
filter (0.2 pm pore size, 25 mm diameter, Millipore). Bacterial ATP was 
extracted from the cells by inrnersing the filter in 1.0/6 m/V trichloro­
acetic acid for approximately 30 s, and then assayed as described in 
General Materials and Methods (Chapter 3). For determination of 
electrical detection time, a Bactometer M120 (Chapter 3) was used.
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A sample (0.1 ml) was added to 0.9 ml Brain Heart Infusion broth in
duplicate Bactometer wells and incubated at 25°C in an external incubator,
connected to the Bactometer by means of extender cables. The Bactometer
fi 7produces a detection time when there are approximately 10 - 10' organisms 
in the well. To obtain detection times for higher levels of organisms, 
it was therefore necessary to obtain detection times for a tenfold and a 
thousandfold dilution of the sample and extrapolate to determine the 
detection time of the undiluted sample. Capacitance data were used 
during this study. Detection times were checked by observing the entire 
capacitance curve on the visual display screen.
7.2.6. Data analysis
A line of best fit was calculated for colony count data at each 
temperature, using a computer program which fits a sigmoidal curve (by the 
Nelder-Mead Simplex Minimisation Procedure) to the data according to the 
equation:
y =
-(X +x{x + 1 j) 
1 + e 0
A, X , x and 9 are parameters of the curve which must be estimated before 
the curve is fitted. More accurate numerical values for these parameters 
are then calculated when the sigmoidal curve is fitted to the data points.
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An example of suoh a fitted curve is shown in Fig. 33* The program was
then used to calculate the maximum growth rate (k ), time to k andmax 7 max
the time to 1, 2, 3 and 4 log^g cycles increase in colony count. These
parameters were then analysed further using two procedures:
1) Arrhenius plot (e.g. Ingraham, 1958; Mohr & Krawiec, 1980)
k = Ae_|I/RT
where: k is the specific growth rate (i.e. k x 2.303)
max
A is a constant
ji is the temperature characteristic
H is the Universal Gas Constant
T is the absolute temperature
Log^k was plotted against 1/T. Values of \ i were then obtained from the
gradient of the graph:
Gradient = -jj.
R
Values of p are obtained in units of cal/mol but the meaning of the molar 
dimension in terms of bacterial growth is obscure (Reichardt & Morita, 
1982). Units for \ i will therefore not be quoted here.
2) Square Root plot (Ratkowsky et al., 1982)
/r = b(T - T ) 
o
where: b is the slope of the regression line
T is the absolute temperature
Tq is the hypothetical lowest temperature for growth
r is the reciprocal of a time, t, taken to achieve a
level of growth (e.g. time for a 1, 2, 3 or 4 1oS-jq
cycle increase or time to k ).
max'
* / r  was plotted against T.
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A line of best fit was calculated for these relationships using linear 
least squares regression. Values for Tq and \ i were calculated, as were 
the correlation coefficients between growth rate and temperature 
parameters.
The Square Root plot was also applied to ATP and capacitance detection
-15time data. Log^ feratograms (fg, i.e. 10 g) ATP could be used in the 
same way as log10 colony count for curve fitting and application of the 
Square Root plot. For detection times, a transformation of the data was 
necessary to achieve a curve applicable to the curve fitting program, 
since detection times decrease as bacterial numbers increase. It was not 
necessary to transform the data by using the log^ value. Instead, 
detection times were subtracted from the longest detection time obtained, 
giving a parameter of "decrease in detection time”. Square Root plots 
were applied to data transformed in this way.
7.3* Results
7«3»1» Pure cultures
Examples of curves fitted using the Nelder-Mead Simplex Minimisation 
Procedure are shown in Fig. 3^ for a non-pigmented Pseudomonas sp. and 
B.thermosphacta. Satisfactory curves were fitted for all organisms
tested, and high correlations between the fitted curve and the data points 
were obtained.
Temperature/growth relationships were then studied using the Arrhenius 
plot and the Square Root plot. The results are summarised in Table 19 
for the nine organisms studied. In all cases, the Square Root plot 
(using time to reach a 2 log^Q cycle increase in colony count) produced a
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better correlation between temperature and growth rate parameters than did 
the Arrhenius plot. Examples of the two types of plot are shown in 
Fig. 35 for the non-pigmented Pseudomonas sp. and in Fig. 36 for 
B.thermosphacta.
Tq values were considerably less variable between occasions than p. values 
for all the organisms tested (Table 19). The organisms in Table 19
therefore have been ranked according to their T values. The u values
o ^
did not necessarily follow the same ranking except at either end of the 
range. However, they were so variable between occasions that listing 
them in any order would have very little real value.
The Square Root relationship could be plotted using the time to kmax> or 
time to 1, 2, 3, 4 or sometimes 5 log^ cycles increase in colony count. 
Time to 2 log^ cycles increase was chosen for the calculations in 
Table 19 and Figs 35 & 36 because i) it consistently produced a good 
correlation between temperature and growth rate parameters, ii) all the 
organisms achieved this increase, and iii) the 2 log^ cycle increase 
occurred during the exponential phase of growth.
7.3*2. Mixed cultures
The computer program fitted curves as satisfactorily for the increase in 
total colony count and both components of mixtures as it did for pure 
cultures. Two examples of curves fitted to colony count data are shown 
in Fig. 37 for a mixture of B.thermosphacta and a pigmented 
Pseudomonas sp. and a mixture of a pigmented Pseudomonas sp. and an 
Acinetobacter sp. Temperature/growth relationships were studied for 
mixtures using the Square Root plot. The results are summarised in
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Table 20. Data from pure cultures (taken from Table 19) are included for 
comparison. Again, the time to achieve a 2 log^ cycle increase in 
colony count was used as the growth parameter for the plots. . Correlation 
coefficients for the data from the components of the mixture and the total 
colony count were of the same order as those obtained for pure cultures.
Tq values obtained for the components of the mixture were also similar to 
those obtained for the same organisms growing in pure culture (within the 
standard deviations quoted in Table 19). Tq values for the total colony 
count fell between those for the two components of the mixture. Fig. 38. 
shows examples of the Square Root plot for two of the mixtures tested.
The plot for total colony count data fell between those for its component 
flora.
7.3.3. Use of rapid methods
The relationship between temperature and the ATP content of 
micro-organisms is demonstrated in Fig. 39. The ATP content per 
colony-forming unit (ATP/cfu) was similar at 15°, 4°C and when the 
temperature was cycled at 15°C for 8 h and at 4°C for 16 h. The 
pigmented Pseudomonas sp. showed more scatter between ATP and cfu when the 
temperature was cycled; this was not the case for B.thermosphacta.
There was also no effect of the incubation temperature of the culture on 
the relationship between detection time at 25°C and colony count 
(Fig. 40), but the data for the pigmented Pseudomonas sp. were more 
scattered than were the ATP data.
Sigmoidal curves could be fitted to ATP data in a similar way to data from 
colony counts, as shown in Fig. 41 for increase in ATP content of 
B.thermosphacta at six temperatures.
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More difficulty was encountered during the analysis of results for 
capacitance detection times. There were two reasons for this. Firstly, 
the computer software was not sufficiently versatile to permit modules to 
remain in the instrument indefinitely. To obtain detection times for low 
numbers of organisms, it was necessary, therefore, to run the module in 
two consecutive experiments and to sura the times. It was also necessary 
to check detection times visually on the display screen. The second 
reason was that detection times decrease linearly as the number of 
organisms increases logarithmically, and therefore the data must be 
transformed in order to apply the curve-fitting program. By subtracting 
all the detection times from the largest value, a measure of "decrease in 
detection time" was obtained, which could be analysed by the program. 
Curves fitted in this way are illustrated in Fig. 42. A reasonable fit 
to the data was achieved.
Square Root plots were also applicable to ATP data. Correlation
coefficients and Tq values similar to those obtained with colony counts
were achieved (Table 21). Time to a 2 log1Q cycle increase in ATP
content was used. For ease of comparison, colony count data from
Table 19 have been included in Table 21. The Square Root plot could also
be applied to "decrease in detection time" data, as illustrated by the
correlation coefficients and T values in Table 21. However, theo
magnitude of "decrease in detection time" was organism-dependent. In
comparison with colony count and ATP content, which increase over the
q q
range of approximately 10J - 1Cr cfu or fg ATP/ml during the course of an 
experiment, irrespective of organism, detection time data showed different 
ranges for different organisms. For example, the pigmented 
Pseudomonas sp. showed a range of 0 - 18 h in "decrease in detection 
time", whereas for B.thermosphacta a range of 0 - 39 h was obtained - more
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than double the change. Comparisons between organisms, therefore, were 
not so simple. Also, whereas for colony count and ATP data a 2 log^Q 
cycle increase could be used consistently for the Square Root plot, for 
detection time data an appropriate level of change for each organism had 
to be chosen from its own plot of "decrease in detection time" against 
time of incubation. These were: non-pigmented Pseudomonas sp., 8h;
Moraxella sp., 10h; pigmented Pseudomonas sp., 6h and B.thermosphacta, 
I8h.
7 .4. Discussion
The objectives of this section of the thesis were to establish a 
relationship between temperature and growth rate for pure cultures of 
organisms, and to establish whether rapid methods can be used as 
alternatives to colony count in this type of study.
One of the problems with growth rate studies, especially with limited 
numbers of data points, is the fitting of growth curves. In preparing 
data for analysis, the use of a computer program was an advantage in 
fitting the best growth curves and in calculating useful parameters of the 
fitted curves. For pure cultures, the components and total count of 
mixtures, and for ATP values, the computer program was able to fit curves 
which had a high correlation with the raw data (Figs. 34, 37 & 41). For 
detection times, the data required transformation before curve fitting 
(Fig. 42). To reduce calculations it would be possible to adapt the 
program to perform the transformation if required.
In the literature to date, there has been considerable dispute as to the 
relevance of the Arrhenius plot in describing the temperature/growth rate 
relationships of micro-organisms. Sane authors (e.g. Ingraham, 1958)
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claim that the Arrhenius plot is linear at sub-optimal growth
temperatures; Ratkowsky et al. (1982) dispute this and say that the
Arrhenius plot produces a curve, but the Square Root plot describes
microbial growth rates at different temperatures more accurately. This
study has proved conclusively that the Square Root plot is the better
description of temperature/growth rate relationships for psychrotrophic
food spoilage bacteria growing at chill temperatures. It gave
consistently better correlation coefficients between temperature and
growth rate parameters than did the Arrhenius plot (Table 19). From
Fig. 3^ , it is apparent that the time to a specific increase in numbers is
more closely related to temperature of incubation than is k
max
The Arrhenius equation describes the relationship between temperature and 
the rate of first-order chemical reactions. Bacterial growth might be 
expected to be a far more complex system than this (Mohr & Krawiec, 1980) 
and there is therefore no apparent reason why the Arrhenius equation 
should apply. However, there is also no known reason for the good 
correlations achieved with the Square Root plot, although it is 
interesting to note that the rate of nucleotide degradation in spoiling 
carp muscle follows a similar relationship (Ohta & Hirahara, 1977).
Values of TQ for the organisms tested (Table 19) were within the range
reported by Ratkowsky et al. (1982) and showed a similar variability.
The temperature ranges for growth were not established for the bacteria
used in the present study. Nevertheless, ranking them by Tq value
(Table 19) suggests that Tq and temperature ranges for growth might be
related, as those organisms generally regarded as the more mesophilic
species, e.g. S. marcescens, had higher values of T . Values of u -----------  o r
obtained from Arrhenius plots were very variable between occasions
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(Table 19) and no firm conclusions about the relationship between {! and 
cardinal growth temperatures can be drawn. Reichardt & Morita (1982) 
have suggested that p. is more dependent on conditions and substrates for 
growth than on temperature ranges and optima; this theory has not been 
supported here as wide range of results were obtained for organisms grown 
under comparable conditions.
The prediction of growth rate in foods is important if it is necessary to 
know the level of organisms achieved after a given time at a specific 
temperature. The Square Root equation is probably more useful than one 
where maximum growth rate only is considered (e.g. the Arrhenius plot), 
since the length of the lag phase is taken into account. This may be 
useful in shelf-life prediction for foods, especially since the Square 
Root plot has been shown to be applicable to mixed cultures of organisms 
(Table 20, Fig. 38). It may be that, in future studies, the parameter 
"time to spoilage” could be inserted into the Square Root plot for a 
variety of foods, as has already been shown for fish (Ohta & Hirahara, 
1977). Until now, such studies have been based on an empirical relative 
spoilage rate curve (Olley & Ratkowsky, 1973).
If a measure of potential growth is required, a method such as ATP assay 
or electrical measurements would have the advantage of providing a result 
more rapidly. For foods, therefore, some idea of shelf-life might be 
obtained before the food is processed or sold. This study has shown that 
ATP and detection time per colony-forming unit do not vary markedly with 
temperature. This means that they may be used for predictive purposes in 
a similar way to colony count, as any changes observed will be due to 
temperature and not to innate changes in the organisms themselves. The 
pigmented Pseudomonas sp. showed some variation in ATP content during
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temperature cycling; this might indicate stress or a metabolic shift on 
change of temperature. ATP data proved amenable to analysis by the 
Square Hoot plot (Table 21) and therefore might be useful in the rapid 
prediction of growth rate. The plot could also be applied to detection 
time data, but the differences in metabolic activity between organisms in 
the same medium meant that different levels of "decrease in detection 
time” had to be chosen for each organism.
Many authors previously have shown good correlations between detection 
time and colony count (e.g. Firstenberg-Eden, 1983; see also Table 15). 
However, three factors may be important in the degree of scatter in such 
relationships:
1) The difference in temperature for detection time estimations and
food storage will lead to a selection of different components of 
the microflora. These organisms causing spoilage may not 
necessarily be those causing detection.
2) The medium used may differ considerably from the food, causing a
selection of the microflora as in 1)
3) The initial and spoilage flora may differ, in metabolic terms, on
different occasions.
These three factors are worthy of investigation. They are particularly 
important if electrical techniques are to be used in this type of 
growth/temperature study, especially factor 3). It perhaps will be 
possible to tailor the electrical detection medium carefully to allow all 
the potential spoilage organisms to contribute equally to the signal.
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In conclusion, it is apparent from this study that the Square Root 
equation provides a better description of bacterial growth rate at chill 
temperatures than does the Arrhenius equation. The Square Root plot is 
also applicable to mixtures of organisms, to ATP measurements, and, to 
some extent, to detection time estimates. The theoretical lowest 
temperature for growth, T , might be useful in the classification of 
organisms according to their temperature ranges for growth.
7.5. Summary
The growth of nine psychrotrophic food spoilage bacteria at chill 
temperatures (2° - 15°C) was monitored using colony counts. Sigmoidal 
curves of best fit were calculated for the data using a computer 
program. Growth/temperature relationships were studied using two 
mathematical equations - the Arrhenius relationship (k = Ae”^/^ T) and the 
Square Root relationship (V r  = b(T - Tq)). The Square Root relationship 
was found to give the better description of microbial growth at low 
temperatures, and provided linear relationships with high correlations 
(>0.94). The possible significance of the temperature characteristic 
(p, from the Arrhenius equation) and the theoretical lowest temperature 
for growth (T , from the Square Root equation) is discussed in relation to 
the temperature range for growth.
The computer curve-fitting program and the Square Root equation were also
found to be applicable to colony counts from mixtures of organisms in
culture media, and to ATP content and detection time data from pure
cultures. Similar correlation coefficients and T values were obtained
o
to those from colony counts in pure cultures. The possible significance 
of these findings in relation to food analysis is discussed.
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8. GENERAL DISCUSSION
Food manufacturers are interested in the microbiological quality of foods 
for three main reasons. Firstly, it gives an indication of the hygiene 
of production; secondly, a measure may be obtained of the shelf-life or 
spoilage potential, and thirdly, the presence of specific organisms or 
groups of organisms may indicate that the food is likely to be hazardous 
to the consumer.
The most commonly used type of microbiological test is some form of colony 
counting technique. Despite the time lapse (usually 24 - 72 h) before a 
result can be obtained, the colony count has been used for many years and 
microbiologists seem reluctant to abandon it. This probably stems from 
the simplicity and sensitivity of the technique. It is applicable to a 
wide variety of foods with simple sample preparation and one organism, 
invisible to the naked eye, can be detected using the technique by its 
multiplication to form a visible colony. To the experienced observer, 
the type of colony on the plate may provide important information about 
the sample, and there may be a certain reassurance in seeing the colonies 
as they can only be due to microbial growth. These advantages are lost 
in more rapid techniques such as electrical measurements or ATP assay, 
since the effects measured are not seen to be due directly to 
micro-organisms and are more prone to interference from non-microbial 
constituents of the food. More complex sample preparation 
therefore may be needed.
The validity of the colony count as an absolute measure depends on two 
assumptions:
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1) all organisms present in the food can multiply on a solid agar 
surface to form a visible colony;
2) every organism gives rise to one colony.
Neither of these assumptions need necessarily be true, 'which contributes 
to the variation inherent in colony count estimations. A rapid method 
(e.g. ATP assay or electrical measurements) may not be constrained by 
these assumptions and therefore may show potential for a more accurate 
estimation of "total cell mass" or "total metabolic activity" of organisms 
in a food.
In contrast to microbiological methodology, the analytical techniques 
commonly employed by chemists, biochemists and physicists involve highly 
sophisticated detection equipment, but time must be spent preparing the 
sample to present it in its optimum form to the instrument. The novel 
microbiological techniques which are now becoming available depend 
increasingly on the detection of microbial metabolites or cell components 
and thus are more closely related to methods which have been used for many 
years by other scientific disciplines. This means that microbiologists 
wishing to use these more rapid techniques must be prepared to sacrifice 
some time in sample preparation in order to obtain a final result more 
quickly. This thesis describes the development of sample preparation 
techniques enabling rapid microbiological methods to be applied to foods.
During the incubation period required for the colony count, organisms grow 
to form visible colonies but food components do not. It is therefore 
simple to distinguish between viable and non-viable food constituents and 
the latter cause little interference in this growth amplification 
technique. Whilst micro-organisms also grow and divide during electrical
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measuring techniques, this type of method depends on the detection of 
charged metabolites and therefore is more prone than the colony count to 
interference from components and properties of the food, e.g. salt 
concentration, pH, preservatives, etc. ATP assay is not dependent on 
growth amplification and therefore is very susceptible to interference 
from non-microbial ATP. Since it is based on detecting a biochemical 
intermediate with an enzyme system, metal ions, pH and compounds which 
cause quenching of the response all may be important. To overcome the 
problems associated with these techniques, sample preparations were 
developed during the work described in Chapters 4 and 5 to permit the 
estimation of micro-organisms in foods by ATP assay or electrical 
measurements.
During the work described in Chapter 5, it was found that raw lamb samples 
required very little preparation prior to estimating the flora by an 
electrical measuring technique. A brief centrifugation alone was shown 
to be adequate (Fig. 17), to remove large meat particles from the 
homogenate and thus prevent them from settling out round the electrodes 
and causing false signals due to drift. Meat has a relatively high pH 
and should contain no preservatives or other inhibitory compounds; in 
contrast, problems might be experienced in obtaining good signals from the 
organisms in acidic foods (e.g. yoghourt or fruit juices) or those 
containing preservatives (e.g. sulphite in British-style fresh sausages).
During this study, problems were encountered during the electrical 
measurement of micro-organisms in pasteurised dairy cream. These 
problems may partly result from the fatty, micellar nature of the product, 
which may interfere with the passage of current between the electrodes. 
Additions to the media used and attempts to incorporate a sample
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preparation step did not improve this. A simple means of determining 
whether a sample preparation is adequate is to observe the entire curve 
shape on the display screen. If the curve shape is good and the 
algorithm detection time seems correct, then sample preparation is 
generally satisfactory. For cream samples, the curve shape was not 
always good, as illustrated by the improvement in correlation between 
detection time and colony count data when detection times were obtained 
from viewing the entire curve rather than from the computer algorithm.
The necessity for sample preparation prior to ATP assay of micro-organisms 
in foods is also demonstrated in this thesis. Two different techniques 
were developed for two foods, depending on their physical and chemical 
characteristics and the likely spoilage flora. A selective destruction 
technique reported to remove non-raicrobial ATP enzymically from fruit 
juices (Vanstaen, 1980) was found not to be adequate during the present 
study. This may have been due to the lack of specificity of commercial 
ATP extractants or to the low activity of Somase (apyrase) in the presence 
of food components. Techniques for the separation of bacteria from meats 
and a partial separation of yeasts and selective destruction of 
non-microbial ATP for fruit juices were developed. The final test of the 
adequacy of a sample preparation procedure is the relationship between ATP 
and colony count and the values of ATP/cfu obtained. Reasonable 
relationships and ATP/cfu values as expected were obtained (with the 
exception of ATP/cfu in yeasts incubated in juice overnight). It is 
probable that sample preparation procedures would differ for different 
types of food, and would have to be tailored carefully to suit the 
particular food before the microflora could be estimated using the ATP 
assay.
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Relationships between the results from either of these novel estimation 
techniques (ATP assay or electrical measurements) and colony counts all 
showed scatter (Figs. 8, 9> 12, 17 - 20, 23, 24), the extent of which was 
dependent on the food. There are probably two major reasons for this.
First, the organisms from the food may be aggregated in clumps of
different sizes in different samples, each organism contributing to the 
ATP content or electrical change, but not to the colony count. Second, 
if a slightly different flora is present between samples, the microbial 
ATP content or detection time might vary (as indicated in Fig. 10). It 
may be that the metabolic measures of ATP and detection time provide a
better indication of the metabolic activity or spoilage potential of the
food flora.
Rapid microbiological methods are likely to be of limited value if the 
only information obtained is an estimate of total colony count, 
particularly if the results from all microbiological tests are required 
before a product is released. Chapter 6 of this thesis was concerned 
with the specific detection of an important group of food-poisoning 
organisms, salmonellae, using an electrical measuring technique. The 
test was not fully developed here, but the potential for such a method was 
demonstrated. It is likely that an electrical measuring test for 
salmonellae would be used as a screen to clear negative samples, since to 
make a firm identification would require many more tests and thus become 
expensive in terms of the modules used. Having eliminated the negative 
samples, any presumptive positive samples could then be tested further 
using conventional biochemical and serological techniques.
Stewart, Eyles & Murrell (1980) used antiserum to inhibit gas production 
from dulcitol in their radiometric technique for the detection of
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salmonellae. The failure of antiserum during the present study to cause 
an effect in the electrical system is therefore surprising. Stewart, 
Eyles & Murrell (1980) neutralised the preservative in poly-H antiserum, 
thiomersal, with thioglycollic acid (as recommended by the 
manufacturer). During the present study, this approach caused many 
problems, including drift of the electrical signal, and was abandoned.
When preservatives and other interfering factors were removed from 
antiserum by physical means, no effect of antiserum on the electrical 
signal was observed. It may be that Stewart, Eyles & Murrell (1980) were 
not in fact detecting a true antiserum effect, but an effect due to
residual preservative in the system.
Further work on the electrical detection of salmonellae should concentrate 
on the inhibition of competing organisms in the medium, and the 
development of the lysine test. Together with the development of 
appropriate software to distinguish specific, positive signals, these 
advances should reduce considerably the labour-intensity and elapsed time 
required for salmonellae testing. A rapid electrical test for 
salmonellae, when fully developed, will be a useful addition to the tests 
which are fully or partially developed for conforms (Firstenberg-Eden & 
Klein, 1983), yeasts (Shapton & Cooper, 1984) and moulds (Wood & Gibbs, 
1982). Methods for the detection of specific groups of organisms by ATP 
measurement are likely to be more difficult to develop because of the 
problems in isolating one group from another. One possibility would be
to enrich the type of organism to be detected in a selective medium prior
to assay. However, such media are rarely, if ever, totally selective. 
Complete kits for this type of method have been marketed by Lumac.
Another possibility would be to use the biophysical separation methods 
investigated by Patel, Wood & Gibbs (1983a & b; see also Stannard et al.,
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1982), whereby some types of organism may be enriched over others 
according to their different affinities for ion exchange or 
hydrophilic-hydrophobic resins or gels. The rapidity of such enrichments 
would prove advantageous for estimating particular types of organisms in 
foods, not only for the ATP assay technique but also for electrical 
methods, thus obviating the need for selective agents in the detection 
medium.
ATP assay and electrical techniques as estimates of colony count may be of 
use in monitoring plant hygiene, and a rapid method for salmonellae of use 
for ensuring food safety, but the use of rapid methods in providing an 
indication of shelf-life has so far not been considered. The work
reported in Chapter 7 of this thesis represents the first part of a study
with this objective. The aim was to establish fundamental 
growth/temperature relationships for psychrotrophic food spoilage 
bacteria, and it was found that a Square Root plot (Ratkowsky et al.,
1982) was preferable to the controversial Arrhenius plot (Ingraham, 1958).
The advantage of a linear relationship of the Square Root type, which fits 
closely to the data, is that it might be of use in predicting growth rate 
at lower temperatures if that at higher temperatures is known. This
would have advantages in accelerated growth tests and may also be
applicable to data for "time to spoilage" at various temperatures. Work 
done by Ohta & Hirahara (1977) and data analysed by Ratkowsky et al.
(1982) and Pooni & Mead (198*0 seem to fit the Square Root equation. The 
next stage in this study would be to confirm the observations by these 
authors. Since the Square Root plot is applicable to colony counts for 
mixtures of organisms, the mixed flora of foods might be considered in the 
same way.
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Another advantage of a relationship such as the Square Root plot is that 
it might be incorporated into devices for temperature function 
integration, as has already been done using relative spoilage rate 
equations (Olley & Ratkowsky, 1973). Pooni & Mead (1984) have shown that 
the Square Root plot fits spoilage data better than does the relative 
spoilage rate equation of Olley & Ratkowsky (1973), particularly at higher 
temperatures which represent likely abuse conditions and are therefore of 
interest.
It is not yet clear whether there is a relationship between the colony 
count of a sample and the time it will take to spoil. Future work should 
establish this. If there is a relationship, it would be an advantage to 
use a rapid method for two reasons:
1) the rapidity with which a result can be obtained;
2) ATP or electrical detection times may bear more relation
to the metabolic activity or spoilage potential of the flora 
of the food.
This study has demonstrated that rapid methods can be used for the 
analysis of temperature/growth relationships of pure cultures, so they may 
be applicable to foods for a similar purpose, provided that sample 
preparation techniques as described earlier are followed.
This type of study will help to answer one of the fundamental facts a 
microbiologist wishes to know about a food - will it spoil, and, if so, 
how quickly? The relevance of the colony count in providing this 
information is not understood and is subject to many other variables, e.g. 
the temperature of storage of the food. Sharpe (1979) states that "a 
plate count indicates only the number of individual clusters of organisms
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capable of multiplying in the conditions of the Petri dish’1 and that it is 
a ”totally unique datum - nothing in the physical, chemical, biochemical 
or immunological world corresponds to it, and no test based on these 
properties can ever correlate with it reliably". These statements were 
made to be deliberately provocative, but there is probably more than a 
grain of truth in th e m . Results from rapid methodology are currently 
compared with colony counts, as shown in Chapters 4 and 5 of this 
thesis. This approach is made to gain acceptance of rapid methods by the 
food industry, which has great experience of viable counts, but it may 
well be more valuable to do the following type of comparison (Wood &
Gibbs, 1982):
Both colony count and rapid methods should be compared directly with the 
property of the food under investigation, i.e. its acceptability (although 
volunteers to test acceptability in terms of food-poisoning potential may 
be few!).
The rapid methods of the future will probably be more directly concerned 
with measuring the acceptability of a food than with counting the number 
of organisms present in it. Several methods recently reported or under 
development depend on the detection of specific types of organism 
according to their antigenic or toxigenic properties, or the detection of 
metabolites which we associate with spoilage.
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DNA probes have been reported (Claus, Moseley & Falkow, 1983; Fitts 
et al., 1983) which are homologous to areas of a genome specific to 
particular types of organism. The linking of these probes to radioactive 
or enzymic labels permits the detection of these organisms. If the gene 
in question were concerned with toxin production, then toxigenic strains 
could be detected specifically. For a similar purpose, many 
enzyme-linked immunosorbent assays (ELISAs) are currently being 
reported. These are dependent on the detection with an enzyme-labelled 
antibody of an antigenic component of an organism. Such a test is now 
available in kit form for salmonellae (Bio-Enzabead, Litton Bionetics.
UK suppliers: Uniscience Ltd, London), where the flagellar salmonella
antigens are linked to a magnetic bead by monoclonal antibody.
Separation of the antigen from the rest of the culture is therefore simple 
by use of a magnet. The antigens may then be detected by allowing than 
to link to enzyme-labelled antibody.
Spoilage of chilled proteinaceous foods is often due to the growth of 
Gram-negative organisms such as pseudomonads. The new gel-forming and 
colorimetric Limulus Amoebocyte Lysate kits (Webster, 1980) may well be 
advantageous in the prediction of this type of spoilage, since only 
Gram-negative endotoxin is detected. However, for detection of incipient 
spoilage, it may be more useful to measure directly a product of bacterial 
metabolism which we associate with the odours or tastes of spoilage, or to 
measure the depletion of substrate within the food. The new "biosensors” 
which are capable of detecting compounds by means of immobilised enzymes 
may well be useful for this purpose.
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We are now on the threshold of a major change in microbiology where not 
only the methods but also the basic concepts are being seriously 
questioned and found wanting. The work described in this thesis shows 
sane of the first steps to such a change in methods and concepts. The 
application of rapid methods to estimation and detection of organisms has 
been demonstrated, and the use of rapid methods in growth-rate studies 
provides an indication that rapid methods have far more importance than 
merely as another colony-counting technique and may have a very important 
role in the rapid determination of the acceptability or shelf-life of a 
food.
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Letter to the Editor
During the past few years, many food 
microbiologists have shown increasing 
interest in rapid microbiological 
methods. These are seen as alternatives 
to traditional viable counts of one type or 
another. Evidence for this increased 
interest is seen in the number of formal 
and informal meetings which have been 
held, advertisements by instrument 
manufacturers and many papers in the 
scientific press. At the Leatherhead Food 
Research Association, we also have 
received many enquiries for general 
information on rapid methods, for spe­
cific individual training and for method 
and machine evaluations.
Almost all the new alternative 
methods are still evaluated by direct 
reference to traditional methods, i.e. 
viable counts. These are designed to 
establish one of three microbiological 
criteria for foods:
(a) Overall production hygiene,
(b) Safety of the food with respect to 
food poisoning organisms or their tox­
ins, and
(c) Likely shelf-life of the food.
In the past, the determination of pre­
sence or absence of food poisoning organ­
isms (or their toxins) has under­
standably received considerable 
emphasis in spite of frequent difficulties 
with some of the methodology. Similarly, 
methods for estimating 'total viable 
microbes’ in foods also possess their 
pitfalls (viable counts of moulds, for 
example, are notoriously unreliable). 
Shelf-life estimations using viable 
counts can only be made in very general 
terms, since;
(a) Only a specific part of the viable 
population may be responsible for 
spoilage, and
(b) rates of growth of organisms in 
foods and relationships between 
growth rates at different or fluctuating
0740-0020/84/010003 + 02 $02.00/0
temperatures are not well understood.
Before food microbiologists become too 
entrenched in comparing new and tradi­
tional methods, we should surely re­
examine the microbiological criteria by 
which we judge a batch of food and use 
rapid or alternative methods, as appro­
priate, to obtain better estimates of these 
criteria. It may be more valuable, for 
example, to relate detection times from 
electrical monitoring of food micro­
organisms directly to actual shelf-life. 
Media and monitoring techniques should 
be engineered to simulate those charac­
teristics of a foodstuff which are related 
to spoilage. Similarly, measurements of 
microbial ATP, endotoxins etc, should be 
corrected directly with shelf-life. /
These considerations pose the ques­
tion, 'what developments in rapid/ 
alternative methods will we see over the 
next decade?’. Should we not be examin­
ing foods for those characteristics which 
render it spoiled or hazardous? Counts of 
organisms can still inform us of produc­
tion hygiene, and thus a rapid method 
such as the Direct Epifluorescent Tech­
nique (DEFT) could be very suitable. 
Specific chemical, physico-chemical or 
immunological methods are, however, 
more likely to provide direct information 
about the shelf-life or safety of a food. 
Considerable research effort is needed in 
order to recognize those components of a 
food which lead to rejection as spoiled. 
Rapid, sensitive methods must be de­
veloped to enable measurement of abso­
lute levels of such components and also of 
the rate at which they are formed under 
various storage conditions.
Much work is also necessary in order 
to apply sensitive immunochemical tech­
niques for the detection in foods of 
food-poisoning organisms and their tox­
ins. Considerable progress has already 
been made in radio- and enzyme-linked
©  1984 Academic Press Inc. (London) Limited
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immunoassay techniques for both sol­
uble and particulate antigens. It may 
well prove possible to combine the selec­
tivity and sensitivity of immunological 
reactions in order to concentrate or 
purify antigens from mixtures (e.g. using 
immobilized antibodies) as well as to 
either detect or estimate their concentra­
tions.
Before we, as food microbiologists, 
proceed too far along the road to automa­
tion, data accumulation and data pro­
cessing, we should examine the value of 
such methods and decide whether or not 
we should be accumulating more rele­
vant data. We should appreciate other 
microbiologists’ views on this important 
subject.
Paul A. Gibbs 
Catherine J. Stannard 
Pradip D. Patel 
Anthony P. Williams
Leatherhead Food Research Association, 
Microbiology Section, Randalls Road, 
Leatherhead, Surrey KT22 7RY, UK.
lens. A nother approach to this type of 
m ethod is the  H ydrophobic G rid - 
M em brane F ilte r (H G M F ) techn ique4 
w hich the Food RA has recently 
evaluated in w orldw ide collaboration 
writh  a n u m b er o f o the r laboratories. 
M icroorganism s are isolated on a filter 
p rin ted  w ith a hydrophobic grid. 
Colonies developing in 24 hours are 
prevented  from  spread ing  by the grid. 
T his facilitates coun ting , w hich can be 
done by an au tom ated  procedure. T his 
m ethod  has been used w ith  a variety of 
foodstuffs to detect specific groups of 
organism s as well as to ob ta in  a total 
viable count.
T he th ird  type o f m ethod  is d irect 
m icroscopy, w hich has always been  an 
op tion  for a rap id  to ta l count, and a 
resu lt can be ob ta ined  w ith in  a few 
m inutes. R ecently , an au tom ated  direct 
m icroscopy techn ique , the D irect 
E p if lu o resc en c e  F ilte r  T e c h n iq u e  
(D E F T )5, has been developed for raw  
milk. I t has also been  applied  to o ther 
dairy  foods, e.g. hea t-trea ted  m ilk, 
cream  and  b u tte r. Sam ples of food are 
trea ted  w ith an enzym e and  su rfactan t 
to facilita te m em brane filtration  and 
the m em brane is then  sta ined  w ith  a 
dye w hich causes living organism s to 
fluoresce orange. T h e  n u m b er o f 
clum ps or o rganism s, each o f  w hich 
m ight be expected to form  a colony on 
agar, can then  be coun ted  au to ­
m atically. T h ere  is good agreem ent 
betw een the  D E F T  results and  the
P la te  1: The B actom atic  M.120
by C. J. S ta n n d a rd , P. D. P a te l, D r. J. M. Wood, D r. P. A. G ibbs
Leatherhead Food Research Association, Leatherhead, Surrey.
The detection  and enum eration  of 
particu lar organism s in foods is often  
used as an  indication  o f food quality . 
T r a d i t io n a l  te c h n iq u e s ,  b a s ic a lly  
unchanged  for abou t 150 years, are 
labour-in tensive and require at least 
24-48 h o u rs  fo r co m p le tio n . A t 
p resen t, therefo re, m ost m icrobio­
logical testing  in  the  food industry  is 
retrospective. C onsequently  th e re  is 
considerable in terest in the new er, 
m ore rap id  techniques w hich can 
provide a resu lt w ith in  the  w orking day 
or even in u n d er one hour. T h is enables 
im m ediate g rading o f raw m aterials on 
th e ir  m ic ro b io lo g ic a l c o n d i t io n ,  
resulting  in  reduced  storage space and 
low er labour costs. T he L eatherhead  
F ood R esearch Association was one of 
th e  p io n e e rs  in  a s se ss in g  a n d  
developing rapid  m ethods for the 
m icrobiological testing  o f foods and, 
over a decade later, a num ber o f the 
instrum enta l techniques evaluated are 
being accepted as alternatives to the 
trad itional m ethods by the food 
industry .
R apid m ethods in m icrobiology can 
be d iv ided broadly  in to  four m ain 
categories:
1. cell and  colony-counting  m ethods, 
based on the  principles involved in the
by using m in iaturised  techn iques, such 
as the loop-d ilu tion  m ethod , w hich 
requ ire  very little m edium , d iluen t, etc. 
as all operations involved in a norm al 
p late coun t are scaled dow n in size.
T h e  L eatherhead  Food RA  has 
evaluated the Spiral P late M ak er1 and 
the L aser Bacterial Colony C o u n te r2 
(D on  W hitley  Scientific, Shipley, 
W  Yorks) and they are now well- 
established m ethods w ith in  the  food 
in d u s t r y  as a l te rn a t iv e s  to  th e  
trad itional techniques.
A m ore au tom ated  m achine than  the 
Spira l P late M aker, the Petrifoss (Foss 
Electric U K  L td , Y ork), is cu rren tly  
being installed in m any dairies for the 
rou tine  m icrobiological analysis o f raw 
milk. I t mixes inoculum  w ith agar, 
pours and labels plates and delivers 
them  ready for incubation  at a rate of 
600 per hour.
T he second type o f m ethod reduces 
the tim e requ ired  for incubation  of a 
sam ple by counting  colonies earlier. 
T h e  D rop lette  T ech n iq u e3 is based on 
this p rincip le. A sam ple is p repared  in 
m olten agar and one d rop  allowed to 
fall into a petri-d ish . A fter incubation  
(24 hours ra the r than  the  usual 48 
hours for pour plates) colonies may be 
counted  w ith the aid o f a m agnifying
trad itional techniques;
2. non-counting  m ethods, based on 
aspects o f m icrobial m etabolism ;
3. identification  o f organism s;
4. detection  of im portan t m etabolites 
e.g. toxin.
In  o rder to optim ise any o f these 
techn iques, the  physical separation  of 
organism s or the ir m etabolites from  
food is essen tia l and  fo rm s an 
im p o r ta n t p a rt o f th e  research  
program m e at the Food RA.
Cell and colony-counting m ethods
T here  are three d istinct types of 
m ethod w hich fall w ith in  this category. 
T h e  first type is labour-saving bu t does 
not decrease the incubation  tim e 
re q u ired  for tra d itio n a l m e th o d s. 
H ow ever, it reduces the  tim e and 
labour requ ired  for sam ple preparation , 
plate inoculation or counting. These 
can be m inim ised in m anual m ethods
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traditional colony count for all these 
dairy foods.
Non-counting methods
These methods are based on some 
aspect of microbial metabolism. Thus 
radiometry depends on the sensing and 
measurement of the quantity of 14C 0 2 
produced for labelled substrates during 
growth of microorganisms. The 
commercially available instrument, the 
Bactec (UK suppliers: Laboratory 
Impex Ltd, Teddington, Middx), was 
primarily developed for the analysis of 
blood samples but has been used for the 
detection of microorganisms in fruit 
juice6 and salm onellae in food 
samples7. Good agreement is claimed 
between radiometric results and the 
traditional techniques.
However, in the food industry 
radioisotopes are not generally 
acceptable. An alternative is the 
measurement of the changes in the 
electrical characteristics produced by 
microbial metabolism in a medium. 
During growth, organisms utilise 
certain nutrients and produce waste 
products resulting in changes in 
electrical impedance (conductance and 
capacitance). In stru m en ts  w hich 
measure these changes have been 
evaluated by the Food RA and include 
the Bactometer B32 and currently the 
M120 (Plate 1., Bactomatic Inc., 
Marlow, Bucks) and also the Malthus 8 
and 128 (Malthus Instruments Ltd, 
Stoke-on-Trent, Staffs). The time 
taken for a culture to reach a threshold 
detection level of impedance or 
conductance is inversely proportional 
to the number of organisms in the 
initial inoculum. A linear relationship 
between total viable count (colony 
count) and impedance/conductance 
detection time can be shown for a
variety of foods8. An example of the 
data obtained at the Food RA is shown 
in Fig. 1.
Radiometry and electrical measure­
ments take a few hours for an estimate 
of total viable organisms to be 
obtained. Using specially designed 
media it is possible also to detect 
specific groups of organisms with these 
instruments. A radiometric method has 
been reported for the detection of 
salmonellae in which 14C 0 2 production 
from 14C-dulcitol is prevented by 
polyvalent H Salmonella antiserum7. 
Work at the Food RA suggests that it 
may be possible to adapt this technique 
for impedance/conductance instru­
ments. We have also shown that it is 
possible to differentiate moulds from 
bacteria using impedance measure­
ment, where the signal for moulds is 
optimised by careful choice of medium 
and the bacterial signal is inhibited by 
antibiotics.
For rapid results
For a very rapid result — within one 
hour — methods are available which 
measure some component of the 
m ic ro b ia l  c e ll .  T h e  L im u lu s  
amoebocyte lysate assay detects 
endotoxin produced by Gram-negative 
bacteria, by coagulation. It has been 
used successfully to determine the 
microbial load on chilled meat9.
Adenosine triphosphate (ATP) is an 
important component of all living cells 
which can be measured quickly and 
easly using the luciferin-luciferase 
enzyme system of the firefly. The 
intensity of the light emitted during the 
reaction is directly proportional to 
ATP concentration. Several sensitive 
luminometers (e.g. LKB 1250, LKB 
Instruments Ltd, Croydon, Surrey; 
Lumac Biocounter M2010, Sterilin
2 indicates 
coincidental points
Detection time (hi
Fig 1: Relationship between intpedence 
detection tim e (Bactom eter B32) and  
colony count fo r  43 raw m eat sam ples
Ltd, Teddington, Middx) are now 
available commercially, as are reagents 
for carrying out the assay. Measuring 
microbial concentration in terms of 
ATP in pure cultures is a simple 
matter, and the relationship between 
ATP and colony count is surprisingly 
similar between species of bacteria and 
of yeasts. However, problems are 
encountered when the method is 
applied to foods as there are large 
quantities of ATP intrinsic to the food 
which may entirely swamp the signal 
for any microbial ATP. Therefore if the 
ATP assay technique is to be applied to 
foods, it is essential that micro­
organisms are separated from the food, 
or th a t n on-m icrob ia l A TP is 
se lec tiv e ly  d e s tro y e d  p r io r  to  
extraction and assay of microbial ATP.
At the Food RA we have developed 
two approaches to the separation of
Fig 3: Relationship between ATP & colony 
count fo r  two types o f yeast in fru it juice.
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microbes from food ATP. For raw 
meat, organisms are separated from the 
meat homogenate by a simple, three- 
stage p ro c e ss10. C en trifu g a tio n  
removes coarse meat particles; stirring 
with cation-exchange resin removes 
smaller particles, and filtration through 
a membrane filter (0.22 pm pore size) 
removes soluble materials. By this 
process, 70-80% of the microbial 
populations of meats can be isolated 
consistently on the filters and their 
ATP extracted and assayed. The entire 
extraction and assay procedure takes 
only 20-25 minutes and there is a linear 
relationship between log10 microbial 
ATP and log10 colony count (Fig. 2). In 
contrast, for fruit juices, a partial 
separation of yeasts by centrifugation is 
used in conjunction with enzymic 
degradation of non-microbial ATP. 
Using this technique, a result is 
obtained in 75 minutes. Again, clear 
relationships are obtained between 
log10 ATP and log10 colony count 
(Fig. 3).
Physical separation o f  
m icroorganism s
If  we are to take full advantage of the 
speed and sensitivity of the new 
instrumental techniques, presenting an 
optimal sample for analysis will 
become increasingly important. Unlike 
other sciences, microbiology employs 
relatively few techniques for the 
physical separation and concentration 
of microorganisms. Our interest in 
separation has chiefly been the 
separation of microorganisms by ion- 
exchange and hydrophobic chromato­
graphy.
Cation-exchange resin treatment has 
b een  u sed  to  s e p a ra te  to ta l  
m icro o rg an ism s from  m eat as 
described above, exploiting the fact 
that organisms found on meats (mainly 
Gram-negative) do not absorb to the 
resin whereas meat proteins do.
We have also shown that mixtures of
two pure cultures of organisms can be 
separated from each other on the basis 
of differences in their adsorption to 
cation-exchange resin at different pH 
values (Fig. 4). A further property of 
organisms which can be used in their 
separation is the hydrophobicity of 
their surface proteins. The affinity of 
different organisms for hydrophobic 
gel is shown in Fig. 5. Based on these 
observations, we are developing 
techniques to separate mixtures of 
organisms in foods. Thus there are 
possibilities for the enrichment in 
num bers of specific groups o f 
organisms over others by physical 
processes. This may increase the 
sensitivity of instrumented techniques 
for the detection of certain organisms, 
e.g. salmonellae by the Fluorescent 
Antibody Technique, described later.
Identification
Many kits are currently available for 
the rapid identification of organisms, 
for example species of yeasts or 
Enterobacteriaceae. These are based on 
the miniaturisation of conventional 
biochemical techniques and thus save 
on media and preparation time. Results 
are obtained in 24 hours or, for some 
kits, 5 hours. A m ore recent 
development for this type of test is to 
read the results automatically using a 
scanner linked to a computer, which 
will automatically tell the operator the 
identity of the organism from a stored 
list of biochemical profiles.
Gas-liquid chromatography has also 
been used for identification of 
organisms in pure culture, but the 
technique is at present still in its 
infancy and used only as a research 
tool. Organisms can be differentiated 
by gas-liquid chromatography of either 
their pyrolysis products11 or their 
metabolites12. The technique has not 
been used for foods to date, but has 
proved useful for taxonomic studies.
The Fluorescent Antibody Tech­
nique (F AT)13,14 is however being used 
in the food industry. The basis of the 
technique is to couple a fluorescent dye 
to the antibody specific for the 
organism  to be detected  (e.g. 
salmonellae14). Samples of a culture of 
the food are stained with the 
fluorescent antibody which binds to 
the organism which will then fluoresce 
under an ultra-violet microscope. 
However, in the testing of foods there is 
in te rfe re n c e  fro m  n o n -sp e c if ic  
absorption of fluorescent antibody by 
food particles, and therefore the 
method has not gained widespread 
acceptance. The separation techniques 
described earlier could be useful in 
“cleaning up” the sample before 
staining, thereby reducing in ter­
ference.
D etection o f  staphylococcal 
enterotoxins in foods
Certain strains of Staphylococcus 
aureus produce extracellular proteins 
known as enterotoxins which, on 
consumption, produce food poisoning 
symptoms including nausea, diarrhoea 
and abdominal cramping. Various 
methods are available for detection of 
enterotoxins, but the procedure most 
frequently used for foods is double- 
im m unodiffusion15. This involves 
complex and lengthy extraction and 
purification of the sample but has been 
demonstrated to perform satisfactorily 
in many laboratories. A result may be 
obtained within a week, but frequently 
takes longer.
More recently, novel techniques 
known as enzyme-linked immuno­
assays have been proposed16 which 
greatly simplify both the extraction and 
detection of enterotoxins, giving a 
result in approximately 7 hours. Many 
of these assays require a solid phase to 
which antibodies or antigens are 
attached; these are known as Enzyme-
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TABLE 6 Miscellaneous Proposed Uses for Glucose Oxidase Products
Pro d u ct E f fec t R ef .
Dried meat Removal of glucose to improve long-term 17
storage
Canned foods Prevention of corrosion 1 8
Frozen shrimps Prevention of discolouration 19
Dried milk Improved storage stability 20
C ontin ued fr o m  p age  15
have described an immobilised enzyme 
reactor containing lactase, which 
produces glucose from lactose, and 
glucose oxidase, which produces 
hydrogen peroxide by reaction of 
dissolved oxygen with the glucose. The 
am ounts of hydrogen peroxide 
required are very low since the 
thioxyanate reaction products are 
bacteriocidal at extrem ely low 
c o n c e n t r a t i o n s .  H o w e v e r ,  the  
thiocyanate concentrations in milk are 
low and very variable, depending on 
the diet of the cows, and it may be 
necessary to add small amounts of 
thiocyanate for optimum effect.
The system has been tested on a 
laboratory scale with whey and it has 
been demonstrated that after passage 
through the lactose-glucose oxidase 
reactor, the whey is bacteriocidal to 
Pseudomonas fluorescens and that the 
bacteriocidal effect bears an inverse 
relationship to flow rate through the 
column. It is believed that this system 
has not yet been applied commercially.
Various other uses for glucose 
oxidase or glucose oxidase-catalase 
products have been proposed (Table 
6), most have been proved to work on a 
technical level but have not been 
commercialised, probably due to 
economic factors. Many of these 
a p p l i c a t i o n s  w e re  o r i g i n a l l y  
investigated when the cost of the 
enzymes relative to other raw materials 
was higher.
Conclusions
There is a wide variety of rapid 
methods available for microbiological 
determinations, ranging from a very 
rapid technique for enumeration of 
microorganisms in meat in 20-25 
minutes, to procedures to speed up 
plating and counting. There are many
It is clear that food microbiology is 
moving away from the traditional 
colony counting techniques towards 
more rapid, automated, instrumented 
measurements. So far, attempts have
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C on tin u ed  f r o m  p a g e  22
L inked  I m m u n o s o r b e n t  Assays 
(ELISA). ELISA techniques can 
detect approximately one-thousandth 
of an emetic dose.
The advantages of speed and 
simplicity of ELISA over the more 
conventional methods for detection of 
enterotoxins make them an attractive 
prospect for the future. The Food RA 
is currently investigating the use of 
ELISA for detecting staphylococcal 
enterotoxins in foods.
been made only to compare these new 
methods with the colony count, not to 
'  Since we know that the colony count 
is subject to many errors, it seems more 
appropriate to assess the new methods 
in terms of the acceptability of food. It 
may well be that measurements with a 
more metabolic basis, e.g. impedance, 
ATP, provide a more accurate 
representation of the potential for 
spoilage of the food than merely 
counting colonies on an agar plate17.
References
PROCESSING
Exchange Rates — The strengthening 
pound assisted import penetration over 
the last few years as well as hindering 
exports. In the case of Belgium, from 
1979 to 1982 relative exchange rates 
moved about 10% per year, giving a 
steady increase in income to the Belgian 
supplier.
Interest Rates — High interest rates 
have been a heavy burden on the 
industry. Raw material costs represent 
75-80% of selling price and large stocks 
of raw materials need to be maintained, 
to ensure continuity of production and 
supply to the food industry. Financing 
of these stocks at high interest rates is 
extremely costly.
Government Aids and Subsidies — 
Although EEC policy is to avoid 
national aids which distort or threaten 
competitors, the Commission has not 
tried to enforce the rules for practical or 
political reasons. It is generally 
recognised that other EEC states 
support their own industries in this way 
and it is reflected in some of the very 
low prices that we see quoted in export 
markets.
On the political and legislative front 
there are several issues which present 
dangers to the oils and fats industry and 
to the food industry generally.
The Oils and Fats Tax — There is a 
constant threat in the EEC to impose a 
tax on oils and fats to support financing 
of future olive oil surpluses. Such a tax 
would require the northern European 
consumer to subsidise the olive oil 
growers in southern Europe. It would 
inhibit imports from developing 
countries and upset major trading 
partners like the USA. In the UK it is 
estimated that it would reduce oils and 
fats - consumption by about 3% and 
would cost the food industry £70 
million, with increases in the price of 
many food products containing fats. 
Another suggestion, equally iniquitous, 
is to bring the price of olive oil and 
liquid vegetable oils closer together, 
inevitably raising the price of vegetable 
oils, in an attempt to encourage sales of 
olive oil.
Rapeseed — The EEC commission is 
concerned at the cost of supporting 
rapeseed growing in the EEC and has 
imposed a co-responsibility levy which 
has been activated by the large harvest 
in 1982. The main producer of rapeseed 
is France but they cannot consume all 
their production because of legislation 
preventing the use of rapeseed oil as a
cooking oil. They have to export the 
surplus. The UK, on the other hand, 
even though it uses all of its rapeseed 
production, will suffer under this 
system. Similarly EEC farm price 
reviews, last year and this year, favour 
sunflower, which is a southern 
European crop, over rapeseed and 
proposed increases in target and 
intervention prices for 1982/83 are only 
4% for rapeseed against 6% for 
sunflower.
Malaysia and Brazil — Both countries 
have followed policies of inhibiting 
export of raw materials, i.e. crude palm 
oil and soyabeans respectively, in favour 
of processed products, soya oil and meal 
and refined or fractionated palm oil. 
This is to the detriment of European 
seed crushers and oil refiners. The 
Philippines seem to be following the 
same pattern with copra.
Legislation — The mass of legislation 
and proposals for legislation emanating 
from Brussels places a heavy burden on 
the industry, both in trying to 
counteract inappropiate proposals and 
from the restrictions imposed. A few 
examples will illustrate this.
Currently there is a draft directive on 
extraction solvents which requires 
expensive toxicological evidence on 
light petroleum to permit its continued 
use as an oilseed extraction solvent. 
This is notwithstanding the facts that 
light petroleum is probably the sole 
solvent used and accepted worldwide 
and that no residues of solvent are 
detectable in refined edible oils. The 
industry also seems to have been 
acidentally caught up in the beverage 
containers issue where the directive, as 
proposed, would have enforced a change 
of retail cooking oils from plastics back 
to glass bottles, a retrograde step and a 
ridiculous situation.
Profitability of the Industry
In the mid 70’s the return on capital 
employed in the oils and fats industry 
averaged around 10% and rose up until 
1978. Since then the position has 
worsened, with average returns going 
into single figures and some companies 
sustaining losses.
Industrial disruption in 1979 and loss 
of suppliers encouraged northern 
European suppliers to enter the UK 
market and imports of refined oils, 
including processed products like 
margarine, rose from about 5% to peak 
at 17% in mid 1979, finishing the year 
at about 10%. Since then there has been
a steady increase to around 12% 
currently.
The competitive pressure from 
imports was coupled with pressure from 
UK food manufacturers who already 
wielded considerable buying power due 
to the domination of a few major food 
sectors by relatively few manufacturers. 
The increasing buying power of the few 
largest multiple retailers has exacer­
bated the situation forcing more 
pressures back through the chain to the 
raw material suppliers.
Oils and fats manufacturers have been 
unable to pass on, in full, the 
inflationary cost increases they have 
suffered and, with overcapacity, and in 
spite of reductions in manning and 
improvements in efficiency, profit­
ability has continued to decline.
The inevitable result of poor business 
performance has been the closure of one 
oil refinery in 1982, the announcement 
of the closure of another, and the 
announced acquisition of two other 
refiners by a third.
This means that the number of large 
independent oil refiners will be con­
siderably reduced and the food 
manufacturer will have less choice as to 
where he places his business. The final 
outcome remains to be seen but could 
result in improved efficiency and a 
strengthening of the oil industry in total 
to resist import pressures and in the 
general interests of the food 
manufacturers and the country.
Erratum
“ Rapid M icrobiological M ethodo logy”  by C . J. S tannard ,
P . D. Patel, D r J. M . W ood and  D r P . A. G ibbs.
N ovem ber 1982 issue.
P a g e  1 : “ D JM  W ood” should  read “ D r J. M . W ood".
P a g e  18 : “ S ta n n d ard ” should read “ S ta n n ard ” .
P a g e  22 : Parag 3: line ft: “ ab so rb "  should  read "ad so rb ” . 
P a g e  22 : 1.cgend to  I-'ig 4: “ C o tto n ” should read “ ca tio n ” . 
P a g e  56 : Parag 3: line 7: T h e  un fin ished  sentence should  read 
“ T h ere  are to  m any o ther techniques w hich  have not been 
m entioned, as there is not space to  describe them  all” .
P a g e  56 : 1’arag 4: line 7: T h e  un fin ished  sentence should  read 
“ So far, a ttem pts have been m ade only  to  com pare these new 
m ethods w ith the colony c o u n t, not to  assess their ability  to 
indicate the acceptability  o f  the food” .
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Bacteria were separated from raw meat homogenate by a simple three-stage 
process. Centrifugation (10 s at 2000 g) removed coarse particles; stirring with the 
cation exchange resin Bio-Rex 70 removed smaller particles and filtration through
0-22 pm  membranes removed soluble materials. By this process 70-80% of the 
microbial populations of meat homogenates were consistently isolated on the filters.
A linear relationship was found between log10 microbial ATP and log10 colony 
count of meat over the range 105—109 cfu/g. The value of ATP/cfu for meat samples 
was within the range previously reported for pure cultures. These data indicated 
that ATP extracted from the filters originated from bacteria in the meat samples.
Several samples can be analysed simultaneously in an elapsed time of 20-25 min.
The variability associated with estimates of both colony counts and ATP levels has 
been determined.
In the food industry microbiological exami­
nations of, for example, raw materials, plant 
surfaces and finished products, are directed 
towards the maintenance of Good Manufac­
turing Practice. The results of such exami­
nations are reported to the process controllers 
who take corrective action if necessary. A major 
disadvantage of this system of control is that 
traditional cultural techniques for the estima­
tion of micro-organisms in food involve lengthy 
periods of incubation, usually 24-72 h.
In recent years, a considerable amount of 
work has been carried out to develop methods 
which produce results earlier than the tradi­
tional cultural techniques. The most rapid 
methods available for the estimation of micro­
bial populations are those based on the estima­
tion of components of the microbial cell, e.g. 
endotoxin (Coates 1977), haematin (Oleniacz et 
al. 1966) or adenosine triphosphate (ATP) 
(D’Eustachio et al. 1968).
The bioluminescent assay of ATP is a well- 
established method for the estimation of micro­
organisms in simple suspensions, such as water
or culture medium (e.g. D’Eustachio et al. 1968; 
Baumgart et al. 1980). However, early attempts 
to estimate the microbial content of foods by 
assay of microbial ATP were frustrated by inter­
ference from large amounts of non-microbial 
ATP in the food (Sharpe et al. 1970; Williams 
1971). More recently, Baumgart et al. (1980) 
have also encountered this problem in meat.
There are at least two possible solutions to 
the problem of interference by non-microbial 
ATP in the assay of microbial ATP from bio­
logical materials. One is the enzymic destruction 
of non-microbial ATP followed by release and 
estimation of ATP from the microbial cells. This 
has been demonstrated for the rapid estimation 
of micro-organisms in urine (Johnston et al. 
1976). Another approach is to separate the bac­
teria from the rest of the material and estimate 
the ATP in the separated organisms.
This paper describes a method of separating 
bacteria from raw meat. Bioluminescence esti­
mates of bacterial numbers in the meat are com­
pared with the conventional plate count 
estimates.
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Materials and Methods
B U F F E R S
The buffers were made with freshly distilled 
water to reduce background ATP levels. All 
glassware used was rinsed beforehand with 
freshly-distilled water.
i Phosphate/citrate buffer, pH 5-8: 0 05 mol/1 
disodium hydrogen phosphate (Analar) and 0 05 
mol/1 citric acid (Fisons, AR) were filter- 
sterilised separately under positive air pressure 
(Millipore filter, 0-45 /mi pore size, 140 mm 
diam). The solutions were mixed to achieve 
pH 5-8 as required.
Tris/EDTA buffer, pH 7-75: 01 mol/1 Trizma 
base (Sigma) containing 2-0 mmol/1 
diaminoethane-tetra-acetic acid, disodium salt 
(EDTA, Fisons, AR) was adjusted to pH 7-75 
with 0-1 mol/1 acetic acid.
M E A T
Meat was purchased locally. Several types of 
meat were analysed: beef flank, beef stewing 
steak, minced beef, stewing lamb, lamb chop, 
pork belly and pork chop. Samples were stored 
in a domestic refrigerator (4-8°C) before anal­
ysis. To obtain meats with a higher count, 
samples were aged in the refrigerator for 24, 48, 
72 or 96 h prior to assay.
Samples (10 g) were cut from the surface of 
the meat in pieces not greater than 1 g. The 
samples were macerated in 90 ml phos­
phate/citrate buffer (pH 5-8) for 30 s using a 
Colworth Stomacher 400 (Sewards, Blackfriars, 
London).
S E P A R A T I O N  P R O C E S S E S
The homogenate was centrifuged at 2000 g for 
10 s and the pellet discarded. The supernatant 
(10 ml) was subjected to cation-exchange resin 
treatment. For each assay, 2-5 g (unequilibrated 
weight) of cation exchange resin (Bio-Rex 70, 
100-200 mesh, sodium form, Bio-Rad Labor­
atories Ltd, Watford, Herts) was equilibrated to 
pH 5-8 by pumping phosphate/citrate buffer 
through it until the correct pH was attained, 
and then transferred to a small beaker. When 
the resin had settled, the supernatant buffer was 
decanted and 10 ml of the meat homogenate 
supernate were added. The mixture was stirred
at 600 rev/min on a magnetic stirrer (Chiltern 
MS 12, Don Whitley Scientific, Shipley, W. 
Yorks.) for 2 min, and the resin allowed to settle 
for a further 3 min.
Five millilitres of the supernate after resin 
treatment were filtered through a 0-22 /un mem­
brane, 25 mm diameter (Millipore). The filter 
was rinsed with 5 ml phosphate/citrate buffer 
before use to facilitate filtration and rinsed with 
a further 5 ml afterwards to wash through any 
free non-microbial ATP.
E X T R A C T I O N  A N D  M E A S U R E M E N T  
O F  M I C R O B I A L  A T P
Microbial ATP was extracted from the cells by 
immersing the filter in 1 ml nucleotide-releasing 
agent for bacterial cells (NRB, Lumac. UK sup­
pliers: Sterilin Ltd, Teddington, Middlesex) for 
ca 15 s.
ATP was measured by the firefly luciferin- 
luciferase system (McElroy et al. 1969). Light 
output due to ATP was measured with an LKB 
Luminometer 1250 and recorded on an LKB 
2210 recorder (LKB Instruments Ltd., Croydon, 
Surrey).
The proportions of reagents in the cuvettes 
for ATP measurement were as follows: 0-7 ml 
Tris/EDTA buffer (pH 7-75); 0-2 ml ATP moni­
toring reagent (LKB); 0-1 ml sample or stan­
dard.
A standard curve of light output in mV 
against ATP concentration was obtained using 
concentrations of ATP (Calbiochem) between 
10~12 and 10“ 8 g ATP per 0-1 ml sample. A 
linear relationship was consistently obtained 
over this range.
C O L O N Y  C O U N T S
The colony count of meat was determined on 
Plate Count Agar (Oxoid) using the spiral plate 
method (Jarvis et al. 1977); sterile ^-strength 
Ringer Solution +  0-1% Bacteriological Peptone 
(Oxoid) was used for all dilutions. Inoculated 
plates were incubated at 30°C for 24 h. Colonies 
were counted with a Laser Bacterial Colony 
Counter (Don Whitley Scientific).
S T A T I S T I C A L  A N A L Y S I S
To test the variability of a single colony count 
or ATP measurement, replicates from a piece of 
meat (beef) were tested as shown in Fig. 1. The
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H om oge na tes  I 
C e n t r i fu g a t io n
S u p e r n a t e s  a b e d  a b e d  a b e d  a b e d  a b e d  a b e d
Colony count; Resin t r e a tm e n t  and ATP a s s a y  
F ig .  1. Replication of sampling for statistical analysis. Experiment performed on two separate occasions.
experiment was done on two separate occasions, 
using a different piece of meat on each occasion. 
The means and 95% confidence limits of the 
various sets of data were calculated from the 
log10 colony counts and log10 ATP values. The 
variances of the data were investigated using 
Cochran’s test (Walpole & Myers 1978) and a 
nested two-way analysis of variance to deter­
mine the variability between the two pieces of 
meat, samples from the same piece of meat, and 
samples from the meat homogenates. These data 
were not included in the scattergram of log10 
ATP v. log10 colony count (Fig. 3).
Results
T H E  S E P A R A T I O N  O F  B A C T E R I A  
F R O M  M E A T
The recovery of bacteria at stages during the 
separation procedure was determined for 55 
separate samples of raw beef by comparison of 
the colony counts after stomaching with the 
colony counts of the supernatants after centrifu­
gation and after resin treatment.
Figure 2 shows the loss in colony-forming 
units (cfu) and large meat particles in the super­
nate with increasing centrifugation time at 
2000 g. Most of the meat particles were depos­
ited when a force of 2000 g was attained but not 
held; no further loss of solids occurred as the 
holding time increased. The micro-organisms 
were deposited gradually with increasing 
holding time at 2000 g. Therefore, the standard 
treatment of 10 s at 2000 g deposited all the 
larger particles of meat, whereas most of the 
micro-organisms were retained in the supernate.
The 95% confidence limits of the log10 colony 
count had a value of up to +0-21 log10 (see 
Fig. 5). Colony counts were therefore considered 
to be different if they were >0-42 log10 apart. 
Of the 55 beef samples examined, 14 showed a 
difference of greater than 0-42 log10 cycles 
between colony counts of the homogenate and 
of the resin supernate. In ten of these 14 samples 
the colony count was greater in the homogenate 
than in the resin supernate. The extent of these 
differences is shown in Table 1. In 75% of 
samples the colony counts of the homogenate 
and of the derived resin supernatant did not 
differ by more than 0-42 log10 cfu/ml, i.e. the 
variation expected from the colony count.
_ o
- O -
Holding time at 2 0 0 0  g (min)
6 0
4 0
20
Fig. 2. The centrifugal separation of micro-organisms 
from minced beef homogenate at 2000 g. # ,  colony 
count; O, dry weight; O’, force of 2000 g attained but 
not held.
T H E  S E P A R A T I O N  OF M I C R O ­
O R G A N I S M S  F R O M  M E A T  A T P
The need to separate micro-organisms from 
meat ATP prior to estimation of microbial ATP 
is demonstrated in Table 2. It can be seen in
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Table 1. Comparison of the colony count of 55 beef homogenates with that of the derived
resin supernates
Difference in 
logi0 colony 
count
No. of samples in which
Homogenate count 
=  resin supernatant 
count
Homogenate count 
>  resin supernatant 
count
Resin supernate 
count >  homogenatant 
count
0
0-0-42
0-42-0-5
0-5-0-6
> 0-6
26
6
3
1
Table 2. Comparison between ATP content of supernate and ATP retained on the filter
Experiment no.
ATP content of 
supernatant (fg)
ATP isolated on 
filter (fg)
% ATP passing through 
filter
1 1-1 x 108 3-7 x 106 96-64
2 6-2 x 107 2-5 x 105 99-60
3 1-1 x 108 1-1 x 106 99-00
these samples that more than 96% of the ATP 
present in the meat supernate was filterable and 
therefore not contained within microbial cells.
T H E  R E L A T I O N S H I P  B E T W E E N  
C O L O N Y  C O U N T  A N D  
M I C R O B I A L  A T P  I N  R A W  M E A T
Figure 3 shows the relationship between colony 
forming units in beef homogenates and the ATP 
extracted from the micro-organisms from raw 
beef separated on the filter. These results correl­
ate closely (r =  +0-94) and show that a reason­
ably linear relationship exists between log10 
colony count and log10 ATP over the range 105 
to 109 cfu/g of beef. A similar relationship was 
shown in preliminary studies on raw pork and 
lamb (Fig. 4).
The LKB luminometer can measure ATP 
levels above 1000 fg (1 femtogram (fg) =  
10_1 5 g) per 0-1 ml sample. This is approx­
imately equal to 103 microbial cells (Sharpe 
et al. 1970). Allowing for the 1 : 10 dilution of 
the homogenate and the 1 : 10 dilution of the 
sample when assayed for ATP, there was there­
fore a lower limit for detectioi^of bacteria in 
meat by this method of approximately 105 cfu/g.
Hardy et al. (1977) have described a method 
to measure the agreement between two methods
of estimation at specified levels of organisms. A 
cross is constructed on the regression line at a 
certain log10 colony count value as shown in 
Fig. 3. In addition, areas containing the 95% 
confidence limits were drawn to allow for the 
variability in measurement of colony count and 
ATP. All of the data points are classified about 
each of the chosen colony count values. The 
data points which fall in the lower left and 
upper right quadrants are considered to be in 
agreement, whilst those in the upper left and 
lower right are not in agreement. When this 
method was employed for various homogenate 
count values from the laboratory data (Fig. 3), 
the results shown in Table 3 were obtained. 
Agreement was very close at all levels of con­
tamination.
T H E  A T P  C O N T E N T  OF M I C R O ­
O R G A N I S M S  S E P A R A T E D  F R O M  M E A T
The ATP content per colony forming unit 
derived from the homogenate count of beef was 
calculated, and the values obtained are shown in 
Table 4. The three higher levels of contami­
nation showed similar values of ATP/cfu. The 
value of ATP/cfu was highest at the lowest level 
of microbial contamination of meat and the 
range of values obtained at this level was con­
siderably greater.
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Fig. 3. Relationship between log10 microbial ATP content and log10 colony count of homogenate for 55 raw beef
samples. # ,  single points; 0> two coincident points; ------ , least squares regression line, y =  0-80x +  1-01
(r = +0-94);-------- , cross for classification of meats at certain log10 colony count values; , boundaries of
95% confidence limits, ±0-21 log10for colony count values, ±0-30 log10for ATP values.
Table 3. Percentage agreement of points about 
specified levels of colony count and ATP values 
for 55 samples of raw beef
Colony count 
(log10 cfu/g*)
ATP content 
(log10 fg/gt)
% Results 
in agreement
6 0 5-82 98
7-0 6-61 96
8-0 7-41 100
9 0 8-20 98
* 95% confidence limits of ±  0-21 log 10 cfu/g 
f  95% confidence limits ±  0-30 log 10 fg/g
Table 4. The ATP content of micro-organisms 
separated from beef
ATP content 
(fg/cfu)
(cfu/g) Samples Mean SD Range
105-106 16 2-05 310 0 1 5 -1 1 0
106-1 0 7 8 0-44 017 017-0-71
107-1 0 8 12 0-23 019 007-0-66
108-109 19 0-33 019 0-09-0-75
S T A T I S T I C A L  A N A L Y S I S  TO C O M P A R E  
T H E  R E S I N / A T P  S Y S T E M  A N D  T H E  
C O L O N Y  C O U N T  AS M E T H O D S  OF  
M E A T  Q U A L I T Y  C O N T R O L
The results showed a considerable amount of 
scatter, especially around 10s—106 cfu/g (Fig. 3).
One point on the graph represents one sample 
of meat. Replicates from single pieces of meat 
were therefore tested on two separate occasions 
to assess the degree of variation in each method 
of measurement.
Figure 5 shows the mean and 95% confidence 
limits of the log10 colony count and log10 ATP
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Fig. 4. Relationship between log10 microbial ATP content and log10 colony count of homogenate for 16 raw 
lamb samples and 14 raw pork samples. # ,lam b; O.pork.
assay for each homogenate on each day. There 
was a similar spread to that shown in Fig. 3. 
However, the spread of points does not appear 
to be due to the inherent variation in the 
methods of measuring as the 95% confidence 
limits in 50% of cases do not overlap. A nested 
two-way analysis of variance was therefore 
undertaken for both the log10 ATP and log10 
colony count data to determine where the varia­
tion was occurring. This test was applicable 
because no single variance had been shown to 
be significantly greater than the others by 
Cochran’s Test. The analyses of variance are 
shown in Table 5.
The mean square value for the error was 0-01 
for log10 ATP and 0 005 for log10 colony count. 
This indicated that the variation on samples 
from the same homogenate was very low for 
both measurements but rather greater for ATP 
values (although the difference was not signifi­
cant at the 5% level). The overall variation, as 
shown by the total mean square value, was 
greater for the colony count (0-67) than for ATP 
(0-53). This indicates that there is a lower order 
of discrimination between homogenates and 
meats with ATP measurement than with the 
colony count. However, this lack of discrimi­
nation revealed by analysis of variance is not 
apparent from Fig. 5, where the span of mea­
surements is approximately equal for both 
methods of measurement.
For both methods, the differences between 
meats were not significant but the differences 
between homogenates within meats were highly 
significant. Most of the variation is therefore 
occurring between homogenates within meats 
(<Th — 0-61 and 0-76 for ATP values and colony 
counts, respectively) rather than within homoge­
nates (a2 =  0-01 and 0 005 for ATP values and 
colony counts, respectively).
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Fig. 5. Relationship between log10 ATP content and log10 colony count for six homogenates from each of two 
meat samples. O, mean of four replicates; |------ 1, 95% confidence limits of four replicates.
Discussion
Sharpe et al. (1970) studied the assay of micro­
bial ATP as a rapid method of estimating 
micro-organisms in food. They concluded that 
the method was unlikely to be successful unless 
micro-organisms could be separated from food 
components, particularly non-microbial ATP. 
The present study describes such a separation of 
micro-organisms from raw meats, which is prac­
tically simple and requires no sophisticated 
apparatus.
Centrifugation, stirring with ion-exchange 
resin and membrane filtration can all be per­
formed in a simply-equipped routine micro­
biology laboratory. Centrifugation and 
membrane filtration are common techniques in 
microbiology, but the use of ion-exchange resin 
is not. The ion-exchange procedure removes by 
adsorption enough of the protein and other 
non-microbial materials from the suspension to 
permit filtration of at least 5 ml of the suspen­
sion (equivalent to 0-5 g of food). At pH 5-8 and 
low ionic strength, Gram negative bacteria have 
a low affinity for cation-exchange resin, whereas 
meat proteins have a high affinity (Wood 1980). 
Since the bacterial flora of chilled meat consists 
mainly of Gram negative organisms, e.g.
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Table 5. Nested two-way analysis of variance for colony count and ATP measurements
DF E(MS)
ATP measurements 
MS F
Colony counts 
MS F
Between meats 1 a1 +  4 a l  +  24<Tm 0095 25 0-92 3-32
Between homogenates 10 a 2 +  4<Th 2-46 246* 3-05 610*
within meats
Within homogenates 36 o 2 001 — 0005 —
Total 47
Total variance 0-53 0-67
Estimates a2 =  001 a 2 =  005
ah =  0-61 a2 =  0-76
<7m =  ° <7m =  °
Significance*P <  0 001.
DF, Degrees of freedom.
E(MS), Estimate of mean square. 
MS, Mean square value.
pseudomonads (Ayres 1960; Gardner 1965), a 
substantial separation of micro-organisms from 
meat can be achieved. In practice, the separa­
tion is not perfect. In some 18% of samples 
there was a loss of micro-organisms during this 
treatment, whilst in about 7% of samples micro­
organisms were ‘gained’. These differences did 
not seem to affect the result of the assay, i.e. the 
classification of the meat, as can be seen from 
Table 3.
There are two important requirements for a 
method of estimating micro-organisms in food 
by measurement of microbial ATP. Non- 
microbial ATP must be efficiently separated 
from the organisms; and values of ATP/cfu 
should not be subject to wide variation. Con­
cerning the first of these requirements, it has 
been shown that up to 99-5% of ATP in the 
meat homogenate is removed by processes 
which do not remove bacteria (Table 2). In addi­
tion, the value of ATP/cfu obtained for micro­
organisms separated from meat (Table 4) were, 
for the majority of the samples, within the range 
of values reported for organisms grown in pure 
culture on conventional culture media (Sharpe 
et al. 1970; D’Eustachio & Johnson 1968). 
These observations, taken together with the lin­
earity of the relationship between log10 colony 
count and log10 ATP on the filter, indicate that 
the separation process is reasonably efficient.
The second requirement, i.e. that ATP/cfu 
should not be subject to wide variation, appears 
to be met for levels of organisms of greater than 
106 cfu/g. The results in Table 4 show reason­
ably consistent values over the range 106-109 
cfu/g but, in the lower range, values of ATP/cfu 
were five-fold greater and the spread of values 
was greater. Whilst this difference does not 
appear important in the microbiological grading 
of raw meats (Table 3), it would of of interest to 
know whether it is an artefact of the separation 
system or a true value. There appear to be two 
possible explanations. Firstly, we do not know 
the state of aggregation of micro-organisms 
taken from meat. It is possible that at appar­
ently low viable counts the organisms are 
clumped, with each cfu comprising several 
viable cells. Each of these will contribute to the 
total ATP value, thus raising the ATP/cfu value. 
Secondly, at lower levels of micro-organisms the 
total amounts of microbial ATP are very small, 
approaching the sensitivity of the particular 
instrument used, and the signal: noise ratio is 
consequently high. This will increase the scatter 
of signals and, in addition, any small amount of 
non-microbial ATP which the separation system 
fails to discard will have an inordinately large 
effect upon the total ATP detected, increasing 
the apparent ATP/cfu values at lower levels of 
micro-organisms. If this is the case the non- 
microbial ATP must be on the filter and it may 
be possible to destroy it with an ATP-ase (e.g. 
apyrase) before the extraction of microbial ATP. 
Using this procedure and a more sensitive pho­
tometer, the limit of detection of the system 
might be lowered.
The major purpose of this study was to deter­
mine whether measurement of microbial ATP
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could provide a more rapid estimate of the bac­
terial population of meat samples than does the 
colony count. The method described provides a 
result in 20-25 min compared with 24-48 h for 
a conventional colony count. It appears to give 
a good estimate of the microbial population of 
meat for levels above 105 cfu/g. The relation­
ships between colony count and ATP shown in 
Figs 3 and 4 would permit discrimination 
between orders of colony count by measurement 
of ATP. The system of classification about 
specified colony count levels (Table 3) also sug­
gests that ATP measurement provides essen­
tially the same results as the colony count in 
assessing the microbiological status of raw meat.
More detailed comparisons between the two 
methods show that, although the log10 values of 
the results are closely correlated (see Fig. 3), the 
variation in the two methods of measuring 
differs. Analysis of variance (Table 5) shows that 
ATP measurement is subject to greater intrinsic 
error than the colony count (although not sig­
nificant at the 5% level), and is also less dis­
criminatory, although the lower degree of 
discrimination is not noticeable in Fig. 5. There­
fore, in absolute terms, the colony count is 
apparently more sensitive. However, from the 
nested analysis of variance (Table 5) and from 
Fig. 5, it is clear that more variation occurs 
between homogenates within meats than within 
samples from the same homogenate, for both 
ATP and colony count, probably because it is 
easier to obtain a representative sample from a 
liquid homogenate than from a solid meat 
sample. Therefore the further degree of sensi­
tivity achieved with the colony count may not 
be important or useful. However, the data 
shown here indicate that ATP provides a good 
indirect measure of colony count and the advan­
tages are considerable—it is a much more rapid 
technique and therefore has great potential in 
the control of raw materials and production 
lines.
Overall, it appears that most decisions con­
cerning the microbiological state of the meat 
would be the same whichever method of deter­
mination was used, and that where a rapid 
assessment of microbiological quality is 
required, ATP measurement would be suitable.
All of the above discussion relates to the com­
parison of two methods of determining the 
microbiological status of meat. However, there 
is a broader consideration which applies to both
this and other comparisons between colony 
counts and methods, e.g. impedance, radio- 
metry, which are not based on colony counting 
techniques. Basically, such methods should be 
compared not only with the colony count but 
also with the effect which the colony count is 
being used to predict; for example, the shelf-life 
of a product or some other measure of accept­
ability. It is conceivable that a different method 
might be superior to the colony count in this 
respect; however, if such methods are used only 
to predict colony counts, their potential for pro­
ducing information about the system under 
study (i.e. food) may be limited.
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Edinburgh.
indicator and Pathogenic Organisms from Foods" - C.J. STANNARD
Leatherhead Food R.A.,
Leatherhead, Surrey, KT22 7RY, U.K.
The use of electrical techniques for estimating microbial numbers is well 
established. These techniques have been used to obtain an estimate of 
colony count within a few hours for a variety of foods. However, there 
is no advantage in a rapid estimate of total viable count if the food is 
retained until tests for pathogens have been completed. Specific tests 
for salmonellas, for example, can take up to 7 - 10 days.
An electrical monitoring technique for rapid detection of salmonellas in 
foods is currently being developed. The proposed method consists of a 
number of individual tests, applied to enrichment culture, a positive in 
any one or more tests indicating that salmonellas may be present. The 
tests which have been investigated include dulcitol fermentation, 
susceptibility to bacteriophage, effect of Salmonella-specific antiserum, 
lysine decarboxylation and hydrogen sulphide production.
Other indicator organisms and potential pathogens which have been studied 
by electrical techniques include moulds, coliforras and staphylococci.
For these organisms, selective media have been developed from those used 
in routine microbiology.
Abstract for paper presented at the Society for Applied Bacteriology 
Summer Colloquium 1s Rapid Methods for Industry - Current Research and 
Applications. 20th July 1984, Lancaster University.
ATP: PRINCIPLES AND FOOD APPLICATIONS by C.J. Stannard (Leatherhead Food 
Research Association, Randalls Road, Leatherhead, Surrey K T22 7R Y , U.K .)
Adenosine triphosphate (ATP) may be assayed rapidly and simply using the firefly luciferin- 
luciferase enzyme system. Several instruments are available commercially which measure the 
light produced during this reaction. ATP assay is easy to use for estimating bacterial numbers in 
pure cultures of organisms. However, when the technique is applied to foods, bacterial ATP 
may be negligible in comparison with ATP intrinsic to the food. Two possible approaches to 
this problem have been reported. Non-microbial ATP may be destroyed enzymic'ally, or micro­
organisms may be separated from the food, prior to the extraction and assay of microbial ATP. 
The first approach has been reported for use with milk and fruit juices, and is dependent upon 
the selective extraction of ATP from somatic cells and its subsequent destruction by apyrase 
(ATPase). Microbial ATP is then removed from the cells, using a stronger extractant, and 
assayed. A technique for the separation of micro-organisms from meat homogenates has been 
developed, which is dependent upon the different affinities of meat proteins and bacteria for 
cation-exchange resin. Bacteria may be isolated on a membrane filter, then their ATP extracted 
and assayed. A combined separation and selective apyrase treatment has been devised for yeasts 
in fruit juices. Incorporation of two centrifugation steps improves results over those from 
apyrase treatment alone. For sterility testing of juices, incubation of the juice before assay is 
essential to increase the number of yeasts. ATP assay is therefore feasible for the enumeration 
of micro-organisms in foods but appropriate sample preparation is necessary to present the 
optimum sample to the instrument.
Abstract for poster presented at the 3rd International Symposium on 
Rapid Methods and Automation in Microbiology. May 1981, Washington D.C.
Also presented at the International Symposium on Bioluminescence and 
Electrophoretic Methods. July 1981, University of Sussex, Brighton
"The Estimation of Viable Micro-Organisms in Raw Meat by 
Measurement of Microbial ATP" - J.M. WOOD and C.J. STANNARD
Leatherhead Food R.A.,
Leatherhead, Surrey, KT22 7RY, U.K.
Micro-organisms were separated from raw meat homogenate by a simple three 
stage process (Wood, 1980 Ph.D Thesis Univ. of Surrey). Centrifugation 
(10 sec at 2000 x g) removed coarse particles; stirring with the cation 
exchange resin Bio-Rex 70 removed smaller particles and filtration 
through 0.22 pm membranes removed soluble materials. By this process 
70 - 8056 of the microbial populations of meat homogenates were 
consistently isolated onto the filters.
Adenosine triphosphate extracted from the filters originated from 
micro-organisms in the meat samples. A linear relationship was found 
between log^ microbial ATP and log^Q colony count of meat over the range 
105 - 108 cfu/g.
Several samples can be analysed simultaneously in an elapsed time of 
2 0 -25 min. The variances associated with estimates of both colony 
counts and ATP levels have been determined.
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ATP ASSAY AS A RAPID METHOD FOR ESTIMATING MICROBIAL GROWTH IN FOODS 
C. J. Stannard
(Leatherhead Food R.A., Randalls Road, Leatherhead, Surrey KT22 TRY)
Microbial numbers in pure cultures can be assayed rapidly and simply by ATP 
assay. However, in foods there are often large amounts of non-microbial ATP 
which, unless removed or destroyed, will mask the ATP from micro-organisms.
Techniques have been developed for the assay of microbial ATP in two foods. 
For raw meats, a three-stage separation system (centrifugation, cation- 
exchange and filtration) was used to remove meat components, particularly non- 
microbial ATP, from homogenates prior to the extraction and assay of micro­
bial ATP. For fruit juices, a partial separation of yeasts from the juice by 
centrifugation was combined with an enzymic treatment to destroy non-microbial 
ATP.
A linear relationship between log-jo microbial ATP and log-|o colony count 
was obtained for both foods, with a lower limit of sensitivity of 105 cfu/g 
for meats and 104 yeasts/ml for fruit juices. For assay of low numbers of 
organisms, e.g. in sterility testing of fruit juices, incubation of the food 
is necessary to increase microbial numbers to the level detectable by the ATP 
technique. Microbial ATP assay was concluded to be a useful and rapid 
technique in the microbial quality control of foods provided that adequate 
precautions were taken to remove non-microbial ATP.
ATP  A S S A Y  A S  A RAPID METH OD  FOR" ESTI MA TIN G
M I CR O B IA L GR OWT H IN F O O D S  ;v.
C.J. Stannard
Leatherhead Food R.A., Randalls Road, 
—  Leatherhead, Surrey K T 22  7RY, England
i n t r o d u c t i o n ’ ' “  ^ V  " " 1 >!
ATP assay.has been used successfully to estimate bacteria and yeasts in pure..... 
cultures. However, early workers attempting to apply the technique to 
foods experienced problems due to the large quantities of non-microbial 
ATP present (1, 2). There are two possible approaches to this problem. 
Firstly, organisms may be separated from the food before their ATP is 
extracted and assayed. The other approach is to destroy interfering non- •
microbial ATP enzymically. The objective of this paper is to .demonstrate  
the development of appropriate sample preparation techniques for two foods 
(raw meat and fruit juices) to allow the estimation of the microbial flora by ; 
ATP measurement. ~  I
MATERIALS AND METHODS ~ ;
Meat Samples ,
Samples of raw beef, pork and lamb; were stomached 1:10 in 0.05M 
phosphate/citrate buffer, pH 5.8. The homogenate was then subjected to a 
three-stage separation process. A brief centrifugation (2000 <7, 10 s) was 
followed by stirring with cation-exchange resin (Bio-Rex 70, 100—200.mesh, 
Bio-Rad Laboratories) which had previously been equilibrated to pH 5.8. 
After the resin had settled, the supernatant was passed through a membrane 
filter (0.22 jum pore size, 25 mm diameter, Millipore). ATP from the 
bacteria isolated on the filter was extracted and assayed using an LKB 1250 
Luminometer and reagents (LKB Instruments Ltd, Croydon, Surrey). ATP 
estimates were compared with colony count of the homogenate (3 0 °C ,2 4 h ,  
Plate Count Agar).
Fruit Juice Samples
Fruit juices (orange, grapefruit and pineapple flavours) were artificially 
contaminated with a spoilage yeast. Juice samples were centrifuged (1200 <7,
10 min) and the pellet resuspended. The suspension was treated with ATP
extractant for somatic cells (F-N RS ® , Lumac) and apyrase (Som ase® , _
Lumac). After 45 minutes' incubation at room temperature, the sample was 
washed by centrifugation to remove apyrase. Yeast ATP was then extracted 
and assayed as above. Yeast ATP estimates were compared with colony  
count (30°C, 48 h, Malt Extract Agar).
On some occasions, when low numbers of yeast were to be assayed, 24
hours'Jncubation of the juice was.necessaryjo increase numbers to jh e  level  __
detectable by the instrument.
A commercially available kit, the Lumac Fruit Juice Test Kit, was also 
evaluated during this study. -i V  _..s ..........................^
RESULTS
The three-stage separation system removed most of the interfering non- 
microbial ATP from raw meat samples. Large particles of meat were 
deposited during the brief centrifugation; smaller, colloidal particles were 
adsorbed on to the cation-exchange resin, and soluble ATP passed through 
the membrane filter. ATP extracted from the bacteria isolated on the filter
compared well with colony count (Fig. 1), over the range 10s —109c fu /g  .........
meat.
For fruit juice samples, both a partial separation of yeasts and a selective 
destruction o f non-microbial ATP were found to be necessary. The Lumac 
Fruit Juice Test Kit, which relies solely upon a selective destruction tech­
nique, was found to give unreliable and irreproducible results. By 
incorporating centrifugations into the method, a relationship between yeast -—  
ATP and colony count was obtained over the range 104 —107cfu/ml juice 
(Fig. 2). Below this range, apparent yeast ATP remained constant.
When low numbers of yeast in juice were incubated to increase the level ; 
to at least 104cfu/ml, a reduction in ATP/cfu values was observed on some 
occasions.
CONCLUSIONS
ATP assay was shown to provide an adequate estimate of colony count in 
two foods, meat and fruit juices. Preparation of the sample is necessary to  
remove non-microbial ATP from the food prior to assay of microbial ATP. 
The techniques involved in sample preparation are dependent on the type of 
food and the organisms likely to be present.
c n
c n
o
Colony count (log^Q cfu/g)
Fig. 1 Relationship between microbial A TP and colony count for raw meats.
•, Beef (o, coincident points); Pork; * , Lamb.
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ABSTRACT
A treatment combining hydrogen peroxide and ultra-violet 
(UV-C) irradiation was assessed for reduction of microbial con­
tamination in pre-formed food packaging cartons. There was a 
synergistic effect between low concentrations (0 - 5% wt/vol) of 
hydrogen peroxide and UV-C irradiation (10 s) on spores of 
Bacillus subtilis, the maximum lethality occurring between 0.5 
and 1% peroxide. A combined treatment using 1% hydrogen 
peroxide and 10 s of UV-C irradiation was also effective against 
a variety of other organisms (spores and vegetative cells). The ef­
ficiency of the treatment was dependent on the type of inner sur­
face of the carton. A greater lethal effect was obtained against B. 
subtilis spores in polyethylene-lined cartons than in aluminium/ 
polyethylene laminate-lined cartons (5.1 and 3.5 decimal reduc­
tions in numbers respectively, using a combined treatment with 
1% peroxide and 10 s of UV-C).
In production of aseptically packaged foods, decontami­
nation of the packaging material is of critical importance to 
ensure the microbiological safety and stability of the food.
Hydrogen peroxide has been investigated as a chemical 
decontaminant for aseptic packaging. A high concentration 
and long exposure time are necessary for a good lethal ef­
fect; for example, at room temperature 15% (wt/vol) 
peroxide required 20 min to reduce numbers of Bacillus 
subtilis var. globigii by 3 decimal reductions (14). The let­
hal effect can be enhanced by heat (6). Heat also reduces 
the exposure time necessary for the lethal effect, as shown 
by Swartling and Lindgren (16), who used 15-20% (wt/ 
vol) peroxide and 125°C with the Tetra-Pak system. This 
reduced the time necessary for adequate decontamination 
of packaging board (i.e. a 99.95 - 99.99% reduction in 
numbers) to 10 s, a time period compatible with continu­
ous-line aseptic packaging systems.
Other workers have considered decontamination of 
packaging materials by ultra-violet (UV) irradiation. 
Maunder (10) used a conventional UV lamp to sterilize 
pouches; also, with the advent of the high-intensity UV-C 
lamp (5), very high lethal effects have been reported; up to
5 decimal reductions on flat board (7) and 7 decimal reduc­
tions for Bacillus spores on inoculated strips placed into 
food packaging cartons (15).
Both methods of sterilization pose problems for use with 
pre-formed cartons. Hydrogen peroxide levels in foods 
have been restricted by regulations to very low levels (7) 
and peroxide in a deep pre-formed carton is more difficult 
to remove than that on flat boards (75). UV irradiation of 
a pre-formed carton must be considerably more intense 
than for flat boards to ensure that all surfaces are effec­
tively irradiated (2).
The use of a combination of these lethal agents for de­
struction of microorganisms was demonstrated for spores 
suspended in hydrogen peroxide (3,4). The maximum ef­
fect occurred with 1% wt/vol peroxide. The objective of 
the present study was to determine whether this effect 
could be used to reduce the level of microbial contamina­
tion on the surfaces of deep, pre-formed food packaging 
cartons.
MATERIALS AND METHODS
Organisms used in challenge experiments
The following organisms were used in this study: B. subtilis NCTC 
3610 (Strain Marburg; N. R. Smith), Bacillus cereus NCTC 2599, Bacil­
lus stearothermophilus NCTC 10007 and Clostridium sporogenes NCIB 
10696. Also used were five Flavobacterium spp., five Corynebacterium 
spp. and four Bacillus spp. isolated from cartons of spoiled UHT milk and 
characterised according to Cowan (8).
Preparation of microbial suspensions for carton inoculation
Bacillus spore suspensions. Twelve Bacillus Spore Agar (28 g Nutrient 
Agar/L, 0.01% MnS04, 0.3% agar) slopes were inoculated with 2 ml of 
a B. subtilis, B. cereus or B. stearothermophilus cell suspension and incu­
bated at 37, 37 or 55°C respectively for 7 d. The resultant spores were 
washed from the slopes using 2 ml of sterile distilled water and glass 
beads. For each organism, suspensions from the bottles were combined 
and centrifuged at 2000 X  g-min for 20 min. The pellet was resuspended 
in sterile distilled water, washed three times and finally resuspended in 
sterile distilled water. A high proportion of spores (>99%) in the final 
suspension was verified using phase-contrast microscopy.
B. subtilis vegetative cell suspensions. B. subtilis was cultured in Nu­
trient Broth (Oxoid) for 3 d at 37°C, then centrifuged at 2000 x g-min for 
20 min and resuspended in 1/4 strength Ringer solution (Oxoid) + 0.5%
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(wt/vol) bacteriological peptone (Difco, proteose peptone; R + P). The 
absence of spores was verified microscopically.
C. sporogenes spore suspensions. One milliliter of stock culture (in 
Cooked Meat Broth, CMB, Oxoid) was inoculated into CMB and incu­
bated at 37°C until growth had occurred (1-3 d). This suspension was 
subcultured into CMB and incubated for 24 h, and then inoculated (1% 
vol/vol) into 6% wt/vol trypticase (BBL). This culture was incubated at 
37°C for approximately 4 d until a high proportion of cell-free, phase- 
bright spores (>80%) was observed microscopically. Cells were then har­
vested at 23000 x  g-min at 4°C for 10 min. The pellet was resuspended 
and washed three times in distilled water. The resulting suspension was 
stored at 4°C for at least 1 month before use. During this storage period, 
vegetative cells died to give a final concentration of spores of >90%.
Milk spoilage isolates. Bacillus spp. were tested as spore suspensions, 
prepared as previously described. Flavobacterium spp. and Corynebac- 
terium spp. were grown on Trypticase Soya Broth (TSB, Gibco) + 1.5% 
agar (LabM) overnight at 30°C, subcultured into TSB and incubated over­
night at 30°C in an orbital shaker (200 rpm). The culture was then cen­
trifuged at 2000 X  g-min for 20 min, resuspended in R + P and used im­
mediately.
Food packaging cartons 
Cartons (1-L capacity) were supplied by Pakcentre Ltd., Wood Green, 
London, U.K. Two types of cartons were used - an aluminum/ 
polyethylene laminate/lined type and a polyethylene-lined type with no 
aluminium layer. The dimensions of the cartons were 245 mm x  70 mm 
X  70 mm, with one end (70 mm x  70 mm) left open.
Carton inoculation 
Cartons were inoculated with microbial suspensions using an “ air 
brush” (Badger Air Brush Co., U.S.A.). A suspension of 108 or 104 or­
ganisms/ml was sprayed for 1 s to give an inoculum of 107 or 103 or­
ganisms per carton, respectively. Inoculated cartons were held at ambient 
temperature until apparently dry.
Treatment of cartons 
Hydrogen peroxide (F & D grade, Interox Chemicals Ltd, Warrington, 
U.K.) was used at various concentrations from 0% wt/vol (i.e. sterile dis­
tilled water) to 30% wt/vol. An air brush 2 cm from the open end of the 
carton was used to spray the hydrogen peroxide into the carton at a pres­
sure of 20 lb/in2 at a rate of 0.1 ml per 0.6 s; 0.1 ml was used for treat­
ment of each carton.
A high-intensity UV-C germicidal lamp (UVC-13-70, Brown Boveri et 
cie, Baden) was used as the radiation source, emitting UV-C at 254 nm. 
Cartons were irradiated with the open end next to the quartz screen, i.e. 
4 cm from the light source.
Combined treatment with hydrogen peroxide and UV-C irradiation was 
also applied to some cartons, which were sprayed with 0.1 ml of hydro­
gen peroxide as described, then immediately irradiated for 10 s with UV-
C.
Recovery o f surviving organisms
Immediately after treatment, 100 ml of R +  P containing catalase (150 
Sigma units/ml) was added to the carton. The carton was closed with a 
Mole No. 8 sheet metal clamp and shaken vigorously up and down to 
rinse off the surviving organisms. Ten seconds of shaking was found to 
be adequate. Inoculated but untreated cartons were also rinsed to deter­
mine the initial inoculum. The liquid was then used to inoculate plates of 
the appropriate solid medium using the Spiral Plate Method (9). The 
media, incubation temperature and times are summarized in Table 1. To 
detect low numbers of survivors, rinse suspensions were passed through 
cellulose acetate membrane filters (0.45-p.m pore size; Oxoid). The mem­
branes were placed on the appropriate solid medium and incubated as 
shown in Table 1. The lethal effect of the various treatments was calcu­
lated as decimal reductions of the initial inoculum.
RESULTS
In aluminium/polyethylene laminate-lined cartons, hy­
drogen peroxide alone had very little effect on numbers of 
B. subtilis spores inoculated at a level of approximately 
107 per carton (Fig. 1). UV-C irradiation alone (10 s) de­
creased spore numbers by approximately 1.9 decimal re­
ductions. However, when the two treatments were used in 
combination, a synergistic lethal effect was observed, 
reaching a maximum (3.7 decimal reductions in B. subtilis 
spores) with 0.5% wt/vol hydrogen peroxide and 10 s of 
UV-C irradiation.
The lethal effect of 10-s UV-C and 1% wt/vol hydrogen 
peroxide, separately and in combination, was also tested 
for a B. subtilis spore suspension at a low inoculum level 
and for a range of other organisms in aluminium/ 
polyethylene laminate-lined cartons (Table 2). For all the 
organisms tested, including vegetative cells, there was a 
synergistic lethal effect of the combined treatment. B. sub­
tilis was less susceptible to the combined treatment at an 
initial inoculum of 1.1 X 103 spores per carton (2.4 deci­
mal reductions) than at an initial inoculum of approxi­
mately 107 spores per carton (Fig. 1).
The importance of carton lining material on the lethal ef­
fect was also tested. Aluminium/polyethylene laminate- 
lined cartons were compared with polyethylene-lined car­
tons (Fig. 2). Carton surface did not alter the negligible ef­
fect of hydrogen peroxide on B. subtilis spores. However, 
with UV-C alone and treatments combining low concentra­
tions of hydrogen peroxide and UV-C, at least ten-fold
TABLE 1. Media and incubation conditions fo r  recovery o f organisms from cartons.
Organism Medium Incubation
temperature
(°C)
Incubation 
time (h)
B. subtilis Plate Count Agar 37 24
(Oxoid)
B. cereus Tryptic Soy Broth 37 24
+ 1.5% agar (Gibco)
B. stearothermophilus Tryptic Soy Broth 55 24
+ 1.5% Agar
C. sporogenes Horse Blood Agar 37 48
(Oxoid) (anaerobically)
Milk spoilage Plate Count 30 24
isolates Agar (LabM)
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TABLE 2. The effects o f various treatments on several organisms in aluminium!polyethylene laminate-lined cartons.
Treatment
Lethal effect (decimal reduction in numbers8)
B. subtilis 
1.1 x  lO3"
C. sporogenes 
3.9 x lO 3 8.0 x lO 6
B. stearo­
thermophilus 
7.8 X  106
B. cereus 
1.4 x1 0 s
B. subtilis 
vegetative cells 
6.3 xlO 5
1% H20 2 alone 0.5 0.4 0.2 0 0.6 0.1
UV-C alone 1.3 1.1 1.3 2.3 2.0 1.4
1%H20 2 + UV-C 2.4 3.7 4.0 3.3 >4.0 >3.3
aMean decimal reduction in numbers from two occasions; three replicates per occasion. 
bNo. of spores or vegetative cells added per carton. Mean of three replicates on two occasions.
cr
100
Hydrogen peroxide concentration (% wt/vol)
Figure 1. The effect o f various treatments on B. subtilis spores in 
aluminium!polyethylene laminate-lined cartons. # ,  initial in­
oculum (approximately 107 spores per carton) ; ------ , typical let­
hal effect o f 10 s o f UV-C irradiation; ■ , effect o f hydrogen 
peroxide only; effect o f hydrogen peroxide followed by 10 s 
o f UV-C irradiation.
fewer survivors were recovered from polyethylene-lined 
cartons than from aluminium/polyethylene laminate-lined 
cartons. Using polyethylene-lined cartons, 30% wt/vol hy­
drogen peroxide and UV-C were less effective. The syner­
gistic lethal effect was observed at peroxide levels between 
0 and 5% wt/vol.
The combined treatment with 1% wt/vol hydrogen 
peroxide and 10 s of UV-C irradiation was also tested 
against 14 UHT milk spoilage isolates in polyethylene- 
lined cartons. A considerable lethal effect was observed for 
all isolates (Table 3), but the results for the Flavobac- 
terium spp. were more variable than for Corynebacterium 
spp. ox Bacillus spp.
C L
C L
V)
o 3
ctT
100
Hydrogen peroxide concentration (% w f/vo l)
Figure 2. The effect o f various treatments on B. subtilis spores in 
food cartons. #  ^  I ,  aluminium!poly ethylene laminate-lined 
cartons; O  A □ , polyethylene-lined cartons; #  O , initial in­
oculum (approximately 107 spores per carton); I  □ ,  hydrogen
peroxide only; A  A, hydrogen peroxide and UV-C; , typical
lethal effect o f 10 s o f UV-C irradiation in aluminium!
polyethylene laminate-lined cartons;---------- , typical lethal effect
o f 10 s o f UV-C irradiation in polyethylene-lined cartons.
DISCUSSION
The objective of the present study was to determine 
whether the synergistic effect of low concentrations of hy­
drogen peroxide and UV-C irradiation, observed by
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TABLE 3. Effect o f the combined hydrogen peroxide and UV-C 
treatment on UHT milk contaminants in polyethylene-lined car­
tons.
Decimal reduction in numbers
after treatment
Isolate8 Meanb Range
Flavobacterium spp.c 4.5 2.7->7.0
Corynebacterium spp.c 4.9 >3.9- 5.6
Bacillus spp.d 5.0 4.5- 5.5
‘'Characterised according to Cowan (5). 
b‘Less than’ values taken as actual values. 
cFive isolates tested, in duplicate cartons. 
dFour isolates tested, in duplicate cartons.
Bayliss and Waites in a model system (3), was effective on 
a packaging surface.
A sporicidal effect was observed in deep, pre-formed 
food cartons using 1% wt/vol hydrogen peroxide and 10 s 
of UV-C irradiation, which was greater than the effect pro­
duced by UV-C only or H20 2 only, even at concentrations 
of 35% wt/vol. The initial microbial load on polyethylene 
coated packaging board has been shown to be of the order 
of 0.02 bacterium/cm2 (16), i.e. approximately 14 bacteria 
per carton. To obtain fewer than 1 in 1000 non-sterile 
packages, it has been suggested that the contamination on 
paper intended for packaging sterile milk should be re­
duced by 99.95 - 99.99% (16), i.e. a decimal reduction of 
3 .3 -4 .0 .
In aluminium/polyethylene laminate-lined cartons, the 
combined treatment with 1% wt/vol peroxide caused a let­
hal effect of approximately these values (Table 2), but a 
greater effect was observed in polyethylene-lined cartons, 
with a lethal effect of 5.1 decimal reductions of 107 B. sub­
tilis spores (Fig. 2). An adequate decontamination process 
was therefore achieved for B. subtilis and also for most 
milk spoilage isolates (Table 3) in this type of carton.
Decontamination of pre-formed cartons for aseptic pack­
aging poses problems which are not encountered with flat 
surfaces. Hydrogen peroxide at high concentrations is im­
practical for use with cartons because of the difficulty in 
removing the excess (15), since there is increasing concern 
to reduce peroxide levels in foods (1). Large quantities of 
residual hydrogen peroxide on a packaging surface are not 
acceptable as the compound reacts with ascorbic acid and 
other oxidizable vitamins in the food (17). Residues of 100 
ppm in dairy products can be tolerated without adverse ef­
fects (17). The combined treatment described here, using 
0.1 ml of 1% wt/vol peroxide and UV-C irradiation, would 
result in a final concentration of only 1 ppm in 1 L of prod­
uct, after achieving the required reduction in numbers of B. 
subtilis spores and milk isolates in the carton.
The treatment has other advantages which recommend it 
for use in a production line with pre-formed cartons. No 
heat is necessary either for decontamination or removal of 
excess peroxide, and the period of UV-C irradiation is rela­
tively short. A period of 10 s was chosen, which, although
less than that originally used by Bayliss and Waites (3,4), 
was sufficient to produce an adequate lethal effect for use 
with packaging intended for dairy products.
The original synergistic lethal effect (3) was observed on 
spores in liquid, not on surfaces. Here, we have shown that 
not only does the effect also occur on surfaces, but the type 
of surface influences the magnitude of the lethal effect.
The lethal effect due to UV-C irradiation only was ap­
proximately ten-fold greater in polyethylene-lined cartons 
than in aluminium/polyethylene laminate-lined cartons. A 
similar difference was observed for the combined treatment 
at low peroxide concentrations (Fig. 2). This suggests that 
there are two types of lethal effect concerned here.
First, there is a synergistic effect, which is approxi­
mately the same for both types of carton, and has been 
postulated to be due to hydroxyl radical formation in the 
peroxide by the UV-C (3). Hydroxyl radicals are highly 
reactive towards cells, causing lipid peroxidation and 
therefore membrane damage (73). The synergistic effect 
was not observed with high concentrations of peroxide, 
probably due to absorption of UV-C by the peroxide (18).
Second, there is an effect caused by UV-C alone, possi­
bly due to formation of a pyrimidine dimer, “ spore photo­
product” , in the DNA (11), which may lead to lethal mu­
tations. This effect seems to be dependent on the type of 
surface and is more effective when there is no aluminium 
layer. The aluminium layer may reflect the UV-C radiation 
at a wavelength in the visible region, possibly causing re­
pair of damaged DNA by a similar mechanism to photo­
reactivation in vegetative cells (12).
Sterile distilled water and UV-C also caused a synergis­
tic lethal effect on B. subtilis spores in polyethylene-lined 
cartons (Fig. 2), which may result from free radical forma­
tion in water by UV-C. This may be worthy of further in­
vestigation.
Overall, it seems that synergism between low concentra­
tions of hydrogen peroxide and UV-C is effective on pack­
aging surfaces for a range of organisms and spores. The 
treatment may be used to decontaminate pre-formed food 
packaging cartons, but the nature of the surface should be 
considered.
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ABSTRACT
A luminometric method was used to determine the levels of re­
sidual hydrogen peroxide present in preformed food packaging 
cartons after a decontamination process using sterile distilled 
water or 0.1, 1.0 or 30% (wt/vol) hydrogen peroxide and ultra­
violet (UV-C, 254 nm) irradiation. The reduction of post-process 
peroxide levels in the cartons by irradiation or hot air was asses­
sed. A residual hydrogen peroxide level of approx. 100 ppb could 
be obtained by spraying 0.2 ml of 0.1% hydrogen peroxide into 
the carton. Treatment with 1% hydrogen peroxide, with or with­
out UV-C irradiation, gave residual levels approximately tenfold 
higher. The level was not reduced by UV-C irradiation but could 
be reduced by blowing hot air into the carton. 30% hydrogen 
peroxide sprayed into cartons could not be reduced by heat to levels 
below 100 ppb. Extremely low levels of residual hydrogen peroxide 
were detected when water was sprayed into cartons, both with or 
without UV-C irradiation.
Hydrogen peroxide has been used as a sterilant for food 
packaging materials for a number of years, but for it to be 
effective it must be used in high concentrations (4) or in 
combination with heat (10). Although residual hydrogen 
peroxide levels of 100 ppm have been claimed to have no 
adverse effects on vitamins or other oxidizable compounds 
(11), recent concern about the safety of peroxide as a food 
additive has led to legislation restricting its use. In Japan, 
for example, all hydrogen peroxide must be broken down 
or removed from a foodstuff when the manufacturing pro­
cess is completed (13). Following a report that hydrogen 
peroxide is a duodenal carcinogen in mice (2), the Food 
and Drug Administration (FDA) in the United States estab­
lished a requirement that residual hydrogen peroxide in 
food packages be below 100 ppb, the measurement to be 
made in water packaged under production conditions im­
mediately after decontamination (1). A sensitive assay is 
necessary to detect hydrogen peroxide at this concentra­
tion. Various techniques have been reported, the most sen­
sitive being potentiometric titration (5,5), differential pulse 
polarography (5), peroxidase-catalyzed oxidation of leuco 
crystal violet (5) and luminol chemiluminescence (6,8).
A decontamination procedure for deep, preformed food 
cartons has been described (9), which involves a combined 
treatment with low concentrations of hydrogen peroxide 
and ultraviolet (UV-C, 254 nm) irradiation. The objective 
of the present study was to determine the levels of hydro­
gen peroxide remaining after this decontamination process, 
using the luminol chemiluminescence method of hydrogen 
peroxide assay.
MATERIALS AND METHODS
Preformed food packaging cartons (dimensions 245 mm x  70 mm x  70 
mm), hydrogen peroxide and UV-C sources were as described previously 
(9).
Hot air was supplied by a Hot Air Blower “ Hotwind” (Welwyn Tool) 
Co. Ltd, Welwyn Garden City, Herts, U.K.) at a temperature of 100 or 
200°C at the mid-point of the carton and a rate of 400 L/min through the 
aperture of the blower (14.5 cm2).
Residual hydrogen peroxide was assayed by a luminescence method 
adapted from the method described by Kolehmainen (8). Cartons were 
treated as previously described (9). Deionized water (1 L) was put into 
the carton and the carton shaken to rinse off residual peroxide. All rea­
gents for the assay were prepared with deionized water.
Luminol solution [Sigma, 0.33 ml, 0.0038 g/L in alkaline borate buf­
fer, pH 10.5 (72)] and sample (0.33 ml) were added to a cuvette, and a 
blank reading was measured on an LKB Luminometer 1250 with a 1- 
channel recorder (LKB 2210, LKB Instruments Ltd, Croydon, Surrey, 
U.K.) Potassium ferricyanide (0.33 ml, 0.33 g/L), the catalyst, was added 
through the injection port into the cuvette using a hypodermic syringe. The 
peak height of light output, which occurred immediately after injection of 
catalyst, was calculated in mV and hydrogen peroxide concentration (ppb) 
determined by reference to a standard curve.
RESULTS
A linear response was obtained between standard hydro­
gen peroxide concentrations and light output (Fig. 1). For 
peroxide levels above 30 ppb, the relationship was excel­
lent, but the 15 ppb concentration produced a lower light 
output than expected. The assay was simple to use and re­
sults could be obtained within a few seconds.
The level of hydrogen peroxide in cartons was measured 
after a variety of treatments (Table 1). Low levels were ob­
tained in cartons given no treatment, irradiated with UV-C
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only and those treated with sterile distilled water with or 
without UV-C irradiation. These readings were in the 
lower, more variable range of the assay (<30 ppb). Treat­
ments involving 0.1 and 0.2 ml of 1% hydrogen 
peroxide gave residual levels approximately tenfold too 
high for the FDA requirements. Irradiation with UV-C did 
not reduce the level of peroxide sufficiently to comply with 
the regulations.
Residual hydrogen peroxide was therefore measured 
after treatment with 0.2 ml of 0.1% hydrogen peroxide 
(Table 2) which is also capable, in conjunction with 10 s 
of UV-C irradiation, of producing a considerable lethal 
effect, particularly in polyethylene-lined cartons (9). In 
aluminum/polyethylene laminate-lined cartons, the mean 
level of residual peroxide was below 100 ppb after treat­
ment with peroxide with and without UV-C irradiation, al­
though the upper limit of the range was greater than 100 
ppb without UV-C. Means and ranges were higher for 
polyethylene-lined cartons (Table 2). Hot air treatment for 
30 s at 100°C (but not for 10 s at 100°C) reduced the upper 
end of the range to below 100 ppb for this type of carton.
The efficacy of hot air alone in reducing high levels of 
peroxide (30% wt/vol; 0.1 ml) was also investigated (Table 
3). The severity of the hot air treatment did not reduce 
peroxide levels in certain instances as much as expected 
(i.e., aluminium/polyethylene laminate-lined cartons for 
10 s at 200°C, or in polyethylene-lined cartons for 10 s at 
100°C). However, in all cases either with or without hot air 
treatment, levels of residual hydrogen peroxide were greatly 
in excess of 100 ppb. Therefore, no further work was under­
taken to resolve this.
6000
5000
e 4000
.E1 2000 
£ 1000
50 100
H2 O2 concentration ( ppb)
150
Figure 1. A typical standard curve for hydrogen peroxide assay 
by the luminol chemiluminescence method. # ,  mean and range o f 
three replicate determinations.
DISCUSSION
The luminol chemiluminescence method for assay of hy­
drogen peroxide was reliable, rapid and easy to use. The 
new, sensitive photomultiplier instruments, e.g., the LKB 
Luminometer used here, have improved the sensitivity ob­
tained during earlier work with spectrophotometers (6), 
and during the present study accurate measurements of hy­
drogen peroxide concentrations above 30 ppb could be 
made. This compares favorably with the potentiometric tit­
ration and differential pulse polarography methods, with 
sensitivities of 34 and 68 ppb, respectively (3). No attempt 
was made to optimize the assay system, but it is possible 
that the accuracy of measurements below 30 ppb could be 
improved by altering some of the components of the reac­
tion mixture. For example, Kok et al. (7) have reported a 
reduction in background noise levels and a sensitivity of 
better than 1 ppb when Cull is used as the catalyst rather 
than ferricyanide.
The assay described here was suitable for determining 
hydrogen peroxide levels in deep, preformed food cartons.
TABLE 1. Residual hydrogen peroxide in cartons after treatments using 1% hydrogen peroxide or sterile distilled water, measured by 
the luminol chemiluminescence method.
Treatment
Vol. liquid 
sprayed
(ml)
Residual H20 2 (ppb) in cartons3
Aluminum/Polyethylene Polyethylene- 
laminate-lined lined
No treatment 0 7.9 10.9
UV-C onlyb 0 9.0 21.7
H2Oc 0.1 18.7 12.7
H2Oc + UV-Cb 0.1 18.5 18.3
H2Oc 0.2 12.7 18.0
H2Oc + UV-Cb 0.2 12.7 5.8
1% h 2o2 0.1 1190 730
1% H20 2 + UV-Cb 0.1 1200 900
1% h 2o 2 0.2 2230 2070
1% H20 2 + UV-Cb 0.2 1220 1100
“Three replicate measurements from a single carton subjected to each treatment. 
b10-s exposure. 
cSterile distilled water.
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The procedure performed well in the laboratory and could 
easily be adopted by a manufacturer wishing to make this 
type of determination.
Using peroxide spray and a 10-s UV-C decontamination 
treatment, the most effective concentration against Bacillus 
subtilis spores was 1.0% hydrogen peroxide (9). However, 
no treatment using this peroxide concentration produced 
residual peroxide levels sufficiently low to meet FDA re­
quirements (Table 1). When the hydrogen peroxide con­
centration was reduced to 0.1% (0.2 ml), levels of residual 
hydrogen peroxide of approximately 100 ppb were ob­
tained (Table 2), which is the maximum level established 
by the FDA (7). However, there was some variation in re­
sults which may have arisen from difficulty in dispensing 
small volumes accurately with the laboratory scale ap­
paratus. This may be obviated in industrial conditions 
where the process could be machine-controlled.
UV-C irradiation cannot be relied upon to reduce hydro­
gen peroxide levels in cartons. However, hot air treatment 
does reduce peroxide levels after treatments with both low 
(0.1%) and high (30%) concentrations of hydrogen 
peroxide. Thirty percent peroxide in combination with heat 
is used in a commercial aseptic packaging process (70), 
and it was tested here to determine whether 30% peroxide 
sprayed into cartons could be reduced by hot air to the 
level approved by the FDA. However, peroxide levels after 
this combined treatment did not fall to this level. The use
of 0.1 ml of 30% hydrogen peroxide would therefore not 
be suitable for use in this type of decontamination system 
for preformed food packaging cartons.
A lethal effect has previously been obtained in 
polyethylene-lined cartons with a combined sterile distilled 
water and UV-C treatment (9). This effect cannot be 
explained by the formation of hydrogen peroxide in water 
upon UV-C irradiation, as only very low residual peroxide 
levels were detected (Table 1). If the conditions necessary 
to standardize this lethal effect could be determined, the car­
ton could be decontaminated by a treatment leaving only 
negligible levels of residual peroxide in the carton.
To comply with current legislation in the USA, any de­
contamination treatment involving hydrogen peroxide must 
not only produce an adequate lethal effect but also leave 
low residual peroxide levels after treatment. For deep, pre­
formed food packaging cartons, a treatment with 0.1% wt/ 
vol hydrogen peroxide and 10 s UV-C irradiation fulfills 
the first of these requirements (9); the present study shows 
that low levels of residual hydrogen peroxide can also be 
attained.
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TABLE 2. Residual hydrogen peroxide in cartons after treatments using 0.2 ml o f 0.1% hydrogen peroxide measured by the luminol 
chemiluminescence method.
Residual hydrogen peroxide (ppb) in cartons
Treatment Aluminium/Polyethylene
laminate-lined
Polyethylene-lined
Mean8 Range8 Mean8 Range8
No treatment 0 0 0 0
H2O2 onlyb 83 60-114 97 85-111
H20 2b+ 10 s UV-C 82 75- 86 125 80-215
H20 2b+ 10 s UV-C + 
10 s 100°C hot air
72 65- 80 109 80-145
H20 2b+ 10 s UV-C + 
30 s 100°C hot air
39 32- 44 31 30- 32
“Three replicate measurements from three cartons. 
bSprayed 0.2 ml.
TABLE 3. Residual hydrogen peroxide in cartons after treatment with 30% hydrogen peroxide with and without hot air and measured by 
the luminol chemiluminescence method.
Residual H2O2 (ppb) in cartons8
Untreated Treated with 0.1 ml 30% H2O2 and:
Carton
No hot 
air
5 s air 
100°C
10 s air 
100°C
5 s air 
200°C
10 s air 
200°C
Aluminium/
Polyethylene
laminate-lined
0 29000 21000 7000 15000 25000
Polyethylene-
lined
0 30000 23000 25000 20000 12000
“Mean of two cartons, three replicate measurements per carton.
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